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United States Patent Office
2,708,656
NEUTRONIC REACTOR

Enrico Fermi, Santa Fe, N. Mex., and Leo Szilard, Chi
cago, Ill., assignors to the United States of America
as represented by the United States Atomic Energy
Commission

The present invention relates to the general subject
of nuclear fission and particularly to the establishment of
self-sustaining neutron chain fission reactions in sys
tems embodying uranium having a natural isotopic con

10

the secondary neutrons are absorbed by the uranium
isotope 92* leading to the production of element 9.4,
and by other materials such as the moderator, enough

neutrons can remain to sustain the chain reaction, when
Under these proper conditions, the chain reaction will
supply not only the neutrons necessary for maintaining
the neutronic reaction, but also will supply the neutrons
for capture by the isotope 92°38 leading to the production

of 94, and excess neutrons for use as desired.

As 94 is a transuranic element, it can be separated from

the unconverted uranium by chemical methods, and as it
is fissionable by slow neutrons in a manner similar to the
isotope 92”, it is valuable, for example, for enriching
natural uranium for use in other chain reacting systems
of Smaller overall size. The fission fragments are also
valuable as sources of radioactivity.
The ratio of the fast neutrons produced in one genera
tion by the fissions to the original number of fast neu
trons in a theoretical system of infinite size where there can

40

be no external loss of neutrons is called the reproduction
of multiplication factor or constant of the system, and is
denoted by the symbol K. For any finite system, some
neutrons will escape from the periphery of the system.
Consequently a system of finite size may be said to have
a K constant, even though the value thereof would only
exist if the system as built were extended to infinity
without change of geometry or materials. Thus when
K is referred to herein as a constant of a system of practi

cal size, it always refers to what would exist in the same
type of system of infinite size. If K can be made suffi

ciently greater than unity to indicate a net gain in neu
trons in the theoretical system of infinite size, and then
an actual system is built to be sufficiently large so that

55
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this gain is not entirely lost by leakage from the exterior
surface of the system, then a self-sustaining chain react
ing system of finite and practical size can be built to
produce power and related by-products by nuclear fis
sion of natural uranium. The neutron reproduction ratio
in a system of finite size therefore differs from K by
the external leakage factor, and by a factor due to the
neutron absorption by localized neutron absorber, and

the reproduction ratio must still be sufficiently greater
than unity to permit the neutron density to rise exponen
tially with time in the system as built.
Progressive empirical enlargement of any proposed
system for which the factor K is not accurately known,
in an attempt to attain the overall size of a structure of
finite size above which the rate of loss of neutrons by
diffusion through the periphery of the structure is less

hereinafter.

occur involving the isotopes U23° and Uº. Thus, 922%

nuclei. This slowing down, or moderation of the neutron

energy, is accomplished by passing the neutrons through
a material where the neutrons are slowed by collision.

proper conditions are maintained.

application, and neutronic reactors have been constructed
and operated at various power outputs, in accordance
with these principles, as will be more fully brought out

In a self-sustaining chain reaction of natural uranium
with slow neutrons, as presently understood, reactions

The secondary neutrons thus produced by the fissioning
of the 92* nuclei have a high average energy, and must
be slowed down to thermal energies in order to be in

Such a material is known as a moderator. While some of

Experiments by Hahn and Strassman, the results of
which were published in January 1939. Naturwissen- :

with the aid of measurements made in accordance with
the means and method set forth in the above-identified

The latter is converted by beta decay to 93.239 and this
93* in turn is converted by beta decay to 94239. Other
isotopes of 93 and 94 may be formed in small quantities.
By slow or thermal neutron capture, 922*, on the other
hand, can undergo nuclear fission to release energy ap
pearing as heat and gamma and beta radiation, together
with the formation of fission fragments appearing as
radioactive isotopes of elements of lower mass numbers,
and with the release of secondary neutrons.
condition to cause slow neutron fission in other 92235

15

tent.

schaften, vol. 27, page 11, led to the conclusion that
nuclear bombardment of natural uranium by slow neu
trons causes explosion or fission of the nucleus, which
splits into particles of smaller charge and mass with
energy being released in the process. Later it was found
that neutrons were emitted during the process and that
the fission was principally confined to the uranium iso
tope U* present as A39 part of the natural uranium.
When it became known that the isotope U235 in natural
uranium could be split or fissioned by bombardment with
thermal neutrons, i.e., neutrons at or near thermal equi
librium with the surrounding medium, many predictions
were made as to the possibility of obtaining a self-sustain
ing chain reacting system operating at high neutron densi
ties. In such a system, the fission neutrons produced give
rise to new fission neutrons in sufficiently large numbers
to overcome the neutron losses in the system. Since the
result of the fission of the uranium nucleus is the produc
tion of two lighter elements with great kinetic energy,
plus approximately 2 fast neutrons on the average for
each fission along with beta and gamma radiation, a
large amount of power could be made available if a self
sustaining system could be built.
In order to attain such a self-sustaining chain reaction
in a system of practical size, the ratio of the number of
neutrons produced in one generation by the fissions, to
the original number of neutrons initiating the fissions,
must be known to be greater than unity after all neutron
losses are deducted, and this ratio is, of course, dependent
upon the values of the pertinent constants.
In the co-pending application of Enrico Fermi, Serial
No. 534,129, filed May 4, 1944, and entitled “Nuclear
Chain Reacting Systems,” there is described and claimed
a means and method of determining the neutron repro
duction ratio for any type of uranium-containing struc
ture, directly as a result of a simple measurement which
can be performed with precision. Accurate values for
all of the pertinent nuclear constants need not be known.
We have discovered certain essential principles re
quired for the successful construction and operation of
self-sustaining neutron chain reacting systems (known as
neutronic reactors) with the production of power in
the form of heat. These principles have been confirmed
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is converted by neutron capture to the isotope 92239.
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than the rate of production of neutrons in the system,
leads only to an expensive gamble with no assurance of

success. The fact that K is greater than unity and the
fact that the critical size is within practical limits must

2,708,656

3
be known rather accurately in advance, as otherwise a

4
thermal neutrons causing new fissions in U235 thereby
producing fast neutrons, a few of which produce addi

would not sustain a chain reaction even if all of the urani
um in the world were included.

body.

proposed structure having a K factor less than unity, or
even a Kfactor greater than but sufficiently close to unity,

tional fast neutrons by fission of U238 atoms in the same

We will first consider the condition obtaining where
thermal neutrons enter uranium body A. Some of these

The earliest attempts to predict a structure capable
of sustaining a chain reaction, using natural uranium,
involved the use of fine uranium particles such as uranium
oxide powder, dispersed in hydrogen in combined form as
the slowing agent. However, these attempts were not

successful, and analysis of experiments made has indi
cated that the neutron losses in such a system when natural
uranium is used, can prevent a chain reaction from being
sustained, irrespective of the size of the system.
However, in considering such experiments, it was found
that neutron losses caused by absorption of neutrons by
U*** which is present in natural or even enriched uranium,
could be very substantially reduced by aggregating the
uranium into bodies of substantial dimensions as com
pared to the uranium powder-hydrogen mixture pre
viously suggested. It was also found that such aggrega
tion will reduce resonance losses when a moderator such
as graphite is used. This gain in neutrons, saved for
use in the chain, has proved to be one of the major factors
in obtaining a sufficiently low over-all neutron loss as
to make possible the attainment of a self-sustaining chain

thermal neutrons will cause fission in the U235 content

of the uranium body A to produce fast neutrons, the yield
being at an average rate of about 2 neutrons per fission.
As a result of this fission, fission fragments are released
together with beta and gamma rays, thereby producing
energy which, in the system, is manifested mostly by the

heating of the uranium bodies with only a slight release

{}

ple 100n neutrons, enter the mass of moderator, travel
therethrough, and through the uranium bodies over
paths long in comparison with the spacing of the uranium
bodies, to undergo successive collisions that slow them
down. A substantial proportion of the fast neutrons are
thus destined to be reduced, by about 100 elastic collisions
apiece in the case of graphite and mostly in the mod
erator, to thermal energy. During this travel, before
the neutrons arrive at thermal energies, a small percentage

reaction in various moderators, when other losses are
During the interchange of neutrons in a system of

also controlled.

finite size, comprising bodies of any size disposed in a
neutron moderator, neutrons may be lost to the chain
reaction in four ways:
1. By absorption or capture in the uranium content
of the bodies without producing fission,
2. By absorption or capture in the moderator material
itself,
3. By absorption or capture by the impurities present
in both the uranium bodies and the moderator,
4. By leakage out of the system through the periphery

of the higher energy neutrons on the average may leak
out of the system because of the finite size of the reactor,
and be lost to the chain reaction. Furthermore, during
the extremely irregular path of the neutrons while they
are being slowed down by elastic collisions in the graph

ite, some of the neutrons will reach a uranium resonance
absorption energy as they are about to enter a uranium

body, such as C, and are absorbed immediately on or

close to the surface of the uranium body. In addition
some neutrons are reduced to resonance energy after
entering the uranium body by an elastic collision with
the uranium, and are therefore immediately absorbed
within the uranium body. Irrespective of whether the
neutron resonance absorption in U238 is on the surface,
or in the volume of the uranium body, element 94 is pro
duced by the resonance absorption according to the fol
lowing process:

thereof.
THE CHAIN FISSION REACTION

To illustrate the importance of the various factors
entering into a chain reaction, we next describe the
chain reaction process as it is presently understood to
occur in any system of finite size utilizing natural uranium
bodies dispersed in a graphite (a selected example)
moderator at some position in the reactor where the neu
tron density is substantially constant. For better explana
tion, reference is here made to the diagram constituting
Fig. 1 of the accompanying drawings, description of the
remaining figures being more conveniently set forth in a
subsequent part of this specification.
In Fig. 1, the letter
A represents a uranium body of any size from which
fast neutrons are set free as a result of the fission process.
B represents a fast neutron loss due to leakage out of
the system.
C represents a uranium body of any size in which both
volume and surface resonance absorption of neutrons
by U238 takes place, at resonance energies above thermal
energy, leading to the formation of element 94.
D represents the number of neutrons reaching thermal
energy.
E represents a thermal neutron loss by diffusion of
thermal neutrons out of the system.
F represents a neutron loss caused by capture of neu

trons by impurities in uranium, graphite, and controls.
G represents a neutron loss due to capture of thermal
neutrons by the graphite as the thermal neutrons diffuse
therethrough before entering uranium.
H represents the number of thermal neutrons entering
uranium body.
I represents a uranium body of any size in which part
of the thermal neutrons entering the body are absorbed

by U23s leading to the formation of 94”, the remaining

of heat in the graphite. The actual average yield of fast
neutrons by fission of U23° is slightly higher, e. g., by a
few per cent, than the average of 2 mentioned above.
Some of the fast neutrons released in the fission of U235 by
the thermal neutrons of this example almost immediately
produce fast fission of U238 in the same uranium body,
with the production of additional fast neutrons.
The fast neutrons leaving the uranium body, for exam

50

wal?º -i- m — tºu?” + (6 m. e. v. of y rays, not necessarily
all of one frequency]
23 min.

sa Uºsº –* w:Np23° + B-{1 m. e. v., B-, no y rays]
2.3 day
??*?Np?? ? ? ? ? ? ? ? ? ? ? *Putaº -- B-?300 kw, upper B- energy limit. Also 27
$
? ray8, ? v. and 270 kv., about 34 con
verted to electrons]

A small amount of 94240 may also be found, formed by
addition of a neutron to 94339, Capture of thermal neu
trons by U238, as indicated in bodies A and C of Fig. 1,
also results in production of element 94 by the same
process.
The predominant isotope produced, 9423°, is a long

lived radioactive product with a half life of about 20,000
years.

A large percentage of the original fast neutrons escape
resonance capture and fast neutron leakage, and are re
duced to thermal energy within the system. Of these
thermal neutrons, a small number on the average may

leak by diffusion out of the system and be lost from the
chain reaction, leaving the remainder of the thermal neu
trons diffusing through the moderator in condition to
produce fission if they promptly enter U235 or element 9.4
without being captured by any other material.
The fission reaction is as follows:

92U*-i-neutron=A-HB-H n neutrons (average)

A=“light” fission fragment, e.g., Br, Kr, Rb, Sr, Y, Zr,

5
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Atomic number, 35–45, inclusive.
B=“heavy” fission fragment, e. g., Sb, Te, I, Xe, Cs, Ba,
La, Ce, Pr, Nd. Atomic mass, 127–141 inclusive.
Atomic number, 51–60 inclusive.
In any practical system, impurities will be present in

masses or bodies of substantial size, preferably either
of metal, oxide, carbide, or combinations thereof the
moderator being in a substantially continuous phase. The
term geometric is used to mean any pattern or arrange
ment wherein the uranium bodies are distributed in the

both the moderator and the uranium. In the chain de

scribed, a small fraction of the neutrons can be captured
and absorbed by impurities in the system without the
reproduction factor of the system falling below unity.
Thus for example in Fig. 1, if impurities necessarily pres
ent in the materials do not consume too many neutrons,
some excess neutrons are available to be captured by
“impurities” intentionally introduced for control pur
poses, i. e., by a control rod, later to be described. Fur
thermore, since many of the thermal neutrons diffusing
through the moderator are not in a position to promptly
enter a uranium mass when they reach thermal energy,
these thermal neutrons must continue to diffuse through
the moderator until they do reach a uranium body. Dur
ing this diffusion, a small percentage of the neutrons are
absorbed by the moderator, leaving sufficient thermal
neutrons to enter a uranium body to produce new fast
neutrons by fission, to repeat the cycle. In the uranium
graphite system about 72n thermal neutrons enter the
uranium body to produce 100n new fast neutrons, i. e.,
a survival of about 72 per cent of the original 100n fast
neutrons during the slowing process.

:)

The four neutron losses from the chain reaction re 3:)

ferred to above are represented in Fig. 1, where the reso
nance absorption at C and the friction of thermal neu
trons absorbed by U238 at I represent the uranium ab
sorption losses. Losses due to impurities are represented
at F, those due to absorption in the moderator at G, and
the leakage losses due to the finite size of the system at
B and E.

*

These losses will be considered in detail in the order
named, as any one of these losses, or their total if too

high, can prevent a self-sustaining chain reaction from
being attained in a system of any size.
1. Neutron loss by absorption in uranium
It is possible by proper physical arrangement of the
materials substantially to reduce uranium resonance ab
sorption, as will be shown later. By the use of light
elements for moderators, fewer collisions are required to
slow the neutrons to thermal energies with large incre
ments of energy loss per collision, thus decreasing the
probability of a neutron being at a resonance energy as it
enters a uranium atom. During the moderation, how
ever, neutrons are moving through the slowing medium

40

moderator with at least a roughly uniform spacing and
are roughly uniform in size and shape, or are systematic
in variations of size, shape or spacing to produce a volume
pattern conforming to a generally symmetrical system.
If the pattern is a repeating or rather exactly regular
one, the structure may be conveniently described as a
lattice. The uranium bodies can be in the form of layers,
rods, or cylinders, cubes or spheres, or approximate
shapes, dispersed throughout the moderator. Optimum
conditions are obtained with natural uranium by using
metal spheres.
The resonance losses in uranium constitute one of the
critical factors in coordinating the total losses permissible
in a neutronic reactor. Proper sizes and shapes of the
uranium bodies and volume ratios of uranium to modera
tor must be fairly accurately known in order that optimum
geometry be approached, or if the use of near-optimum
geometry is not desirable, then the permissible ranges of
departure from the optimum should be determined, so
that a reproduction ratio greater than unity can be main
tained in a reactor of practical size.
The K constant of a mixture of fine uranium oxide
particles in a light element such as graphite, found to
be satisfactory as a neutron moderator, assuming both
of them to be theoretically pure, would only be about
.785. Actual K constants as high as about 1.04 have
been obtained using aggregation of natural uranium
oxide in graphite, and with as pure materials as it is
presently possible to obtain, showing a substantial gain
due solely to reduction of resonance loss.
Assuming theoretically pure graphite, and theoretical
ly pure natural uranium metal, with the presently obtain
able densities of 1.65 and 18 gms./cm3, respectively,
the maximum possible K constant theoretically obtainable
is about 1.1. When heavy water (D2O) is used as a
moderator, higher K constants approaching 1.3 are ob
tainable. Still higher K constants can be obtained in
uranium having more than the naturally occurring con

tent of thermal neutron fissionable elements. Adding such
fissionable material is termed enrichment of the uranium.

2. Neutron loss by absorption in the moderator
Neutrons are also subject to capture by the modera

tor. While carbon and beryllium have very small cap

over random paths and distances so that the uranium is
not only exposed to thermal neutrons but also to neutrons

ture cross sections for thermal neutrons, and deuterium

still smaller, a fraction of the thermal neutrons present
in the system even under best conditions is lost by cap
ture in the moderator during diffusion therethrough. It
is therefore desirable to have the neutrons reaching
thermal energy enter uranium as promptly as possible.
This may be taken care of by using optimum or near
optimum geometry where the resonance absorption is
substantially equal to absorption in the moderator.
Moderators differ in their ability to slow down neutrons
and in their capacity to absorb neutrons. The ability to
slow down neutrons may be expressed by what is known

of energies varying between the energy of fission and
thermal energy. Neutrons at uranium resonance energies
will, if they enter uranium at these energies, be absorbed
on the surface of a uranium body whatever its size, giving

rise to surface absorption. Any substantial reduc
tion of overall surface of the same amount of uranium

will reduce surface absorption, and any such reduction

in surface absorption will release neutrons to enter di
rectly into the chain reaction.
For a given ratio of moderator to uranium, surface
resonance absorption losses of neutrons in the uranium
can be substantially reduced by a large factor when the
uranium is aggregated into substantial masses in which
the mean spatial diameter is at least about 0.5 centimeter
for natural uranium metal and somewhat larger when the
bodies are of a uranium compound, as hereinafter more
fully discussed. For example with UO2 the minimum
radius is larger and with other uranium compounds a
similar variation from metallic uranium may be ob
served. The degree of this variation is dependent upon
the density of the uranium compound, its bulk density,

6

for neutrons. In any event the uranium may be placed
in the system in the form of geometrically spaced uranium

Cb, Mo, 43, Ru, Rh. Atomic mass, 83—99, inclusive.

as the scattering cross section of the nucleus, whereas
the ability to absorb or capture neutrons is expressed by
what is known as the capture cross section of the nucleus.

The ratios of absorption cross section to scattering cross
section for moderators discussed herein are approximately
70

as follows:

Light water (H2O)-----------------------Diphenyl -------------------------------Beryllium ------------------------------Graphite -------------------------------75
and the absorption coefficient of other elements therein Heavy water (D2O)-----------------------

,00478
.00453
.001.27
.000726
.00017

2,708,656
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the following table, wherein the elements are listed in

It is also to be noted that beryllium and heavy water

inherently possess the property of emitting neutrons in

order of their atomic number:

response to irradiation with gamma rays.
The choice of moderators therefore will depend on

*

Element

many considerations, as will be apparent from further

Danger

Coefficient

discussions herein.

i?:

3. Neutron loss by absorption by impurities in the system

0.1
0.
310
0.04
£150
0.012
4
0, 002
(). Ú2
0.65
(), 48

However, even when resonance and moderator losses

are reduced to a practical minimum, no self-sustaining
chain reaction can be obtained in any system unless im
purities in the materials used for the reaction are reduced
to such an extent that the loss by parasitic capture by
such impurities will not, in combination with the other
losses, prevent the reaction from becoming self-sustain
ing. Impurities present in both the uranium and the
moderator consequently constitute a very important

{}. 30
0.26
0.3
ö. ??
31
2, 1
{}. 37
3. 8
4
2
7. 5

neutron loss factor in the chain. The effectiveness of
various elements as neutron absorbers varies tremend
ously.
Certain elements such as boron, cadmium, Samarium,

gadolinium, and some others, for example, if present
even in a few parts per million, could very likely prevent
a self-sustaining chain reaction from taking place. It
is highly important, therefore, to remove as far as pos
sible all impurities capturing neutrons to the detriment
of the chain reaction from both the slowing material and
the uranium. If these impurities are present in too great

quantity, the self-sustaining chain reaction cannot be at

tained. The permissible amounts of impurities will vary
for each specific geometry, depending upon such con
siderations as the form in which the uranium is used—
that is, whether natural or enriched, whether as metal
or oxide. The type of slowing down material used also
influences the effect of impurities, as do the weight ratios
between the uranium and the slowing down material.
Elements such as oxygen may be present, and the uranium
may be in the form of oxide, such as UO2 or U3O8, a
carbide, or fluoride, but the metal is preferred. Nitrogen

may be present in the reactor in fairly large amounts,
and its effect on the chain reaction is such that the
neutron reproduction ratio of the system may be changed
by changes in atmospheric pressure. This latter effect
may be eliminated by excluding nitrogen from the system,

or by sealing the system from the effects of changes of
The effect of impurities on the optimum reproduction
factor K may be conveniently evaluated by means of
certain constants known as “danger coefficients” which
are assigned to the various elements. The danger co
efficients for the impurities are each multiplied by the
per cent by weight of the corresponding impurity, with
respect to the weight of uranium in the system, and the
total sum of these coefficients gives a value known as the
total danger sum. This total danger sum is subtracted
from the reproduction constant K as calculated for theo
retically pure materials and for the specific geometry
under consideration.
The danger coefficients are defined in terms of the
ratio of the weight of impurity per unit mass of uranium
atmospheric pressure.

computed by the formula

1.5

17
3.
1. 8
?. 61
??l
2
6.3
2. 5
50
18
870
54.2
0.18
?, 8
1. $
0.30
.?1430
435
?8320
0.03
(). 0.025
1, 1

be:

.0310+.0017+.0050=.0377 reduction in K due to im

purities
This latter reduction in the reproduction factor for a
given system would be serious and might well reduce
the reproduction factor below unity for certain geom
etries.
The maximum possible K constants for neutronic re
action systems when natural uranium aggregates in opti
mum geometry (i. e., best apportionment of resonance
and moderator losses) are used, and where the materials
used are assumed to be theoretically pure, have been
calculated as follows:
Materials

K for Pure
Materials

65

U metal—graphite moderator-------------TJ oxide—graphite moderator-------U metal—beryjlium metai moderato
U metal–beryllium oxide moderator
U metal—heavy water moderator--TJ metal—light water moderator. - - - - - - - - - - - - - ----------- About 1

wherein Ti and Tu represent the cross sections for the

impurity and the uranium respectively, Ai the atomic
weight of the impurity and Au the atomic weight for
uranium. Regardless whether the impurities are in the
moderator or in the uranium, they are computed as their
per cent by weight of the uranium in the system.
Danger coefficients for some elements are given in

Danger

Coefficient

The sum of the danger coefficients of the impurities
in any given composition entering into a reactor, as
multiplied by the per cent by weight of the uranium in
the reactor, is known as total danger sum of the com
position. This figure is a dimensionless constant like
K and can be directly subtracted from K. It will be
30 noted that the danger coefficients given are related to the
neutron absorption value of unity for uranium.
As a specific example of the use of danger coefficients,
if the materials of a system under consideration have 0.01
per cent by weight of each of the elements H, Co, and
3??; Ag with respect to the weight of the uranium in the
system, the total danger sum in K units for such an
analysis would be:
.0001×10?.0001×17?.0001×18=.0045
This
figure can then be subtracted from the K cal
40 culated for a particular geometry of theoretically pure
materials to give the actual K constant for the materials
used. This would be a rather unimportant reduction in
the reproduction factor K unless the reproduction factor
45 K for a given geometry and materials without consider
ing impurities, is very nearly unity. If, on the other
hand, the impurities in the uranium are Li, Co, and
Rh in the same percentage, the total danger sum would

and are based on the cross section for absorption of
thermal neutrons of the various elements. These values

may be obtained from physics textbooks on the subject,
and by direct measurement, and the danger coefficient

Element

In reactors operating at high neutron densities an

equilibrium poisoning factor up to 024 K can develop

and must be taken into consideration, as will be brought
75

out later.

It can readily be seen from the above tabulation that
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the total danger sum for impurities in both the uranium
and moderator must be less than about .3 in order that
the K factor remain equal to or greater than unity with
a deuterium moderator, about .11 with a beryllium mod
erator, and about . 1 with a graphite moderator. Light
water can be used as a moderator, at least in part of a
reactor, as will be pointed out later.
In the chain reaction outlined in Fig. 1 for a natural
uranium reactor of practical size, a small percentage of
neutrons can be absorbed by impurities without reducing
the neutron reproduction ratio below unity. Not all of
these neutrons, however, should be absorbed by the
residual impurities in the uranium and the moderator,
because if this were so the system would always just be
self-sustaining and no exponential rise in neutrom density
could be obtained. Some means must be provided to
release additional neutrons to enter the chain.
For example, in Fig. 1, it may be considered that
only half of the neutrons that can be absorbed by im
purities are absorbed by materials actually present as im
purities in the uranium and the moderator, and that
the other half of the neutrons are absorbed by a strong
neutron absorbing material, such as cadmium, for ex
ample, that is wholly or partially removable ?rom the
system. Under these conditions, with the chain reaction
in balance, if the amount of cadmium or other neutron
absorbing material is reduced in the system by removal
therefrom to a point where less than the number of
neutrons that can be spared for impurity absorption are
absorbed by both the impurities in the materials and
by the remaining cadmium, for example, then the neutron
density in the system will rise exponentially when the
system is large enough, because the neutron reproduction
in each cycle then will exceed 100n fast neutrons for
each original 100n fast neutrons.
In order to stabilize the reaction at any desired neutron
density within the system, the neutron density is measured
as it is rising. When a predetermined neutron density is
reached within the system, the cadmium or other neutron
absorbing material is reinserted into the system to a point
where the total permissible number of neutrons is again
absorbed by the total impurities within the system. The
chain reaction will again be in balance at the new neutron
density. To reduce the neutron density, still more ab
sorbing material is introduced into the system sufficient,
for example, to increase the total impurity absorption to
the point where less than 100n new fast neutrons are pro
duced per cycle. The neutron density will then decay.
The system can then be stabilized when a new desired
lower neutron density is reached by decreasing the amount
of the absorbing material in the system until only the
number of neutrons permissible for balance are again
absorbed, and the system will then be balanced at the
lower neutron density. The reaction is completely
stopped by leaving sufficient absorbers in the system to
prevent the reaction from building up or remaining in
balance. The neutron density will then drop to a low
natural neutron background value, and remain there until
the absorbers are again removed to raise the reproduction
ratio above unity.

4. Exterior neutron loss in a neutronic reactor of
practical size
In any chain reacting system, it is only when the system
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on operating size will be shown later.

MEASUREMENT OF NEUTRON LOSSES
40

5;

60

In using the exponential pile to test for neutron losses,
a pile structure with a specific geometry of uranium and
graphite blocks, for example, is built which is known to
be of non-operating dimensions. In other words, it is
of sufficiently small size that the exterior leakage from
the system would prevent a self-sustaining neutronic chain
reaction even if the K constant were to be above unity.
In such a small pile, uranium compositions can be ar
ranged in any desired geometry and by placing a neutron
source, such as a radium-beryllium source, at the bottom
of the pile, a neutron density distribution specific to the
geometry and materials used will be created through the
pile. By measuring the neutron density in various parts
of the pile, it is found that the neutron density deciines
exponentially with the distance away from the source.
This characteristic gives the pile its name of exponential
pile. Different types of geometries can be tested in such
a pile to determine optimum conditions, for example, or
ranges of conditions for which K is greater than unity.
If, instead of varying the geometry, the geometry and
the moderator are maintained constant and uranium com
positions of different neutronic purities are substituted,
the change in slope of the curve showing the decay in
neutron density through the structure away from the
source will give an accurate measure of the neutronic

has infinite size that there will be no exterior leakage of
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their slowing down by scattering collisions by the nuclei
of the moderator may become directed outwardly when
near the periphery of the reactor and thus escape before
they reach thermal energy, and of slow neutrons. The
latter may escape when they are diffusing through the
moderator near the periphery of the reactor.

70

neutrons from the system. For any reactor of finite size
exterior neutron losses will occur, and these losses will
increase as the size of the reactor decreases.
Losses will occur both of fast neutrons, which during

10

Thus while a system of infinite size can have a repro
duction constant K of, for example 1.1, the identical con
struction made smaller than infinite size, because of this
exterior leakage, can no longer have 110n new neutrons
produced for each 100n initiating a cycle. The number will
be less by the leakage factor and will, as the size of the
reactor is decreased, reach the point where only 100n new
neutrons are produced for each 100n neutrons starting
each generation. This size is known as the critical size
of the reactor and is, of course, dependent on the K con
stant of the system, when moderator characteristics are
known, or, upon a factor known as the Laplacian (A), as
found directly in a lattice of small volume as will be short
ly brought out. For each value for the reproduction fac
tor K greater than unity as modified by moderator char
acteristics, there is thus a minimum overall size of the
reactor known as the critical size wherein the neutron re
production ratio is unity. However, if the reproduction
ratio is exactly unity no rise in neutron density will occur.
The reactor, to be operative at any desired power output,
must be capable of providing a reproduction ratio of
slightly over unity, and therefore must be made slightly
larger than critical size so that the required reproduction
ratio can be attained. Once the desired operating power
output is established, the reproduction ratio can be re
duced to unity by insertion of control absorbers and the
reaction maintained thereafter at the desired power out
put. Critical size and operating size can be determined
mathematically when losses are known and coordinated,
as brought out later.
Some of the exterior losses however, can be reduced by
surrounding the reactor with what is known as a re
flector, of a material preferably having a low absorption
to scattering cross section ratio. The effect of the reflector

purity of the uranium composition, in terms of the K
constant if desired. In this way, different uranium com
positions can be compared with one another and the
effect on the K constant determined. The departure of
the K constant as found for a particular composition
from the K constant calculated for theoretically pure
uranium will thus give the danger sum for neutron ab
sorbing impurities in the uranium, when the K reduc
tion due to moderator impurities is known.
As the structure is customarily built up or piled from
moderator blocks when solid moderators are used and

75

have the uranium lumps geometrically arranged therein,
the structure is commonly called a “pile,” and the geo
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metrical arrangement of the uranium lumps in the mod
erator is called a lattice.
final equation for K can then be written to include
Briefly, the theory of exponential pile measurements is The
M”,
a
and b as follows:
as follows:
1 273
Considering a uranium-graphite lattice structure or 5
K= 1 - M2 ???
(6)

column of square cross section with sides equal to a, and
M2 has been found to be from about 650 cm.” to 750
semi-infinite height, with a source of fast neutrons at the
cm.” for chain reacting structures of uranium and graph
center of the base of the column, then, at points suffi
ite, for example, and can be used in Equation 6 to find K
ciently far removed from the source, the neutron density
due to any chain reaction present will be given by an 10 for such structures.
The length of a side, a, to be used in calculating K
equation of the following form where x, y, and z are the
axes of the structure:

n=2Ae" cos

(1) 15

where the symbols “if” represent the orders and argu
ments of the Bessel function series and “A” is a constant
which varies with the Bessel functions included in the
summation.
The x axis is taken along the vertical axis of the struc 20

ture, and the x=0 plane coincides with the base of the
pile. Thus, for points close to the vertical axis, each
harmonic of the neutron density decreases exponentially
as follows:

fr

2.5

nç= A„e Pº

(2)

with a relaxation distance or length equal to bij, the re
laxation distance or length being the distance in which

from Equation 6 must be that value for which the neutron
intensity actually becomes equal to 0. Because of the
finite length of the mean free path X, compared to the
dimensions of the pile, the effective side is larger than
the physical side. From neutron density measurements
made at the outer surface of the pile, the effective value
of a can be estimated, for various x planes. Using the
quantities found for M and a, a measurement of the re
laxation distance b, associated with the first harmonic of
the neutron density will then determine, from Equation
6, the reproduction factor corresponding to a lattice of
infinite dimensions similar in geometry and materials to
the structure being tested. This reproduction factor must
be modified when used in conjunction with reactors attain
ing high neutron densities for prolonged time periods, by
an operational poisoning factor. This factor can be added
into the exponential pile by adding equivalent absorbers
to each cell and then finding A or K. When K is found

the neutron flux is reduced to a fraction of 1/e of its orig- 30 without such absorbers this factor can be directly de

inal value. At a sufficiently large distance from the source
the first harmonic only is important. The relaxation
length can then be taken as b, and b taken alone is re
lated to the reproduction factor, K, through the following

ducted.

To determine the relaxation distance b, thin indium

foils, (.0924 gm./cm.”) are placed at positions along the
axis of the pile for a predetermined time for example and
the 54 minute radioactivity induced by neutron bom
bardment is measured on Geiger-Mueller counters for a
predetermined time. For these measurements the indium
foil is held in a nickel holder. Thus the activation of

where

. . .

a =length of side of the structure.
b=relaxation distance.

the foil (Ani) is due to the absorption of both thermal
indium resonance neutrons. All measurements are
40 and
corrected to give the foil activity values for infinite times

of irradiation. The emission of neutrons by spontaneous
fission of the uranium in the pile produces a small neu
tron background which must be subtracted from the
45 density measurements.
$
Because of the finite height of an exponential pile,
#=the age of nascent thermal neutrons.
two corrections may be applied to neutron density meas
The quantity
urements. First, a harmonic correction due to the pres
ence of higher harmonics in the neutron density curve in
????????
?? ???T
50 horizontal planes near the source; and second, an end
correction due to the proximity of the top of any prac
A signifies a number given by the ratio of An to n
tical column to the measuring positions.
where n is the number of thermal neutrons per cubic
Finally after making the harmonic and end-corrections,
centimeter at the point x, y, z. An is an abbreviation for
b is calculated from the relation
the sum of the three second derivatives of n with respect
to the three variables x, y, z. A is found to be constant 55
?
(7)
throughout any structure utilizing given geometries and
(Ani):
materials. For the cases where K is close to unity, A is
(An.)1
small, so that the equation can be written

X=nean free path of thermal neutrons in graphite.
A = mean free path for absorption collision.

where D is the distance between the two positions x1 and
(4) 60 x2 along the vertical axis at which (Ani)1, and (Ant)2
are measured and ln the mean logarithm to the base e.
For measurements near the top of the pile the har
monic correction may be ignored. For measurements
away from the top the end-correction may be ignored.
then M is the migration length of neutrons in the struc 65 Thus the best values are obtained from measurements
ture, and is roughly proportional to the average distance
in x planes intermediate between the sources and top.
between the place of birth of a neutron as a fission neutron
Two neutron density measurements made in adjacent
and its place of death by thermal absorption.
positions along the vertical axis of the exponential pile
Substituting in (4) the quantity A for the quantity
will, therefore, give b and a value A or a value for K
1 223
70 when the value of M2 is known. It is customary to aver
age the values obtained by using measurements made in
?? T????
several adjacent and equally spaced positions along the
and M3 for
vertical axis. to obtain the average A or K constant for
??.
the entire pile.
???T??
The same procedure can be used when liquid modera
the equation can be written
75 tors are involved by placing the liquid in a tank and sus
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so that it enters the moderator. Measurements are made
as set forth herein for solid moderators.

The migration length has been described as roughly
from the point of its origin as a fast neutron in a uranium
lump to the point of its disappearance in the pile. More

proportional to the average displacement of a neutron

precisely, we define the square of the migration length
by the formula,

21? =????-+ ??

10

(8)

where M2 is the mean square distance between production
and disappearance of neutrons in the lattice.
In principle, an experiment for the actual measure
ment of the migration length could be performed as
follows: A lattice of a given type is set up, as for the
exponential pile. For best results it would be desirable
to suppress neutron multiplication in this lattice, which
could be done, for example, by using instead of normal
uranium, uranium completely depleted in the fissionable
isotope, and readjusting the neutron absorption to equal

15

20

that of normal uranium by the addition, say, of boron
as a neutron absorber. Into this prepared lattice intro

duce a point source of fission neutrons, which might be
a lump of spontaneously fissioning material. Then, by
the usual foil techniques we could measure the distribu
tion of thermal neutrons through the lattice, and com
pute the mean square distance by known methods. In
principle one would thus obtain the correct value of M*.
Such experiments have not to date been performed,
because the preparation of the material is very expensive,
and no proper fission source is presently available. Ac
tually the best existing knowledge of M* for the present
lattices is obtained by measurements made in an expo
mential pile using the formula:

14

sion neutrons may travel before becoming thermal. This

pending the uranium, in the form of rods, for example,

25

30

can be directly measured in the moderator used, since
the metal has a very small effect on slowing down. The
second term (Lo”) is the diffusion length squared for
thermal neutrons in the lattice in question, which is equal
simply to the diffusion length in the moderator. Lo can
also be directly measured in the moderator used, and
is multiplied by the fraction of neutrons absorbed in the
moderator, which is (1–f), where f is the thermal utiliza
tion defined as the fraction of the thermal neutrons ab
sorbed by the uranium (both by simple capture and to
produce fission) rather than by the moderator. Such
calculations find many objections but are adequate to 10
to 15 per cent and are suitable, therefore, for design pur
poses in finding K–1.
The following values of M2 have been found by meas
urements and calculation to be indicative for preliminary
design purposes in building reactors:
For water, M2=40 cm.”
For D2O, M2=230 cm.”
For beryllium, M2=on the order of 300 cm.”
For graphite, M2=600 cm.”–700 cm.”

By the use of the exponential pile, various sizes and
shapes of uranium bodies have been tested and the re
lated K factors found for various moderators,
By testing uranium compositions in the exponential pile,
the neutronic purity can be determined in terms of K
when the same moderator is used or when the effect of

which is Formula 5 above. The Laplacian A can be
measured directly in the exponential pile as follows using

the moderator impurities is known, with geometry un
changed. The test is equally reliable for uranium com
pounds such as the uranium oxides U3O8 and UO2,
uranium carbide, uranium tetrafluoride, uranium hexa
fluoride, etc., compounds which contain, in addition to
traces of elements having high neutron capture cross sec
tions, large amounts of elements such as O, C, and F, all
of which have relatively low neutron capture cross sec
tion. The test can evaluate the total effect of both types
of impurities in terms of K reduction, as well as the effect
of changing geometries on K.

the formula:

mine critical size of the structure for various moderators.

and by finding the values of a and b as outlined above,
the value of A may be determined. A neutron absorber
of known neutron capture cross section is then introduced
into the exponential pile in known amounts, the change
in the Laplacian measured, and M* calculated from the
measurements.
In one specific instance of an exponential pile having
uranium rods arranged in graphite in such a manner that

liquid could be passed over the uranium bodies, borated
water in various concentrations of boron was passed
through the lattice. It was found that there was a change
in A of

35

When M2 is known, this factor can be used to deter

45
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neutronic reactors capable of sustaining a chain neutron

55

-

10-5

.0584). cm3

for one part per million of boron in the water. From
this change the value of M2 was calculated to be about
590 cm.2, accurate within about 10 per cent of error.

Thus the determination of (1) the proper size, shape
and disposition of the uranium bodies in the moderator
to reduce resonance losses; the determination of the
(2) amounts of neutron absorbing impurities that can
be tolerated in addition to other losses before a self-sus
taining chain reaction will become impossible in a sys
tem of practical size; and determination of (3) the nuclear
characteristics of the moderator with respect to require
ments of critical size and tolerable exterior losses; has
enabled us to provide a means and method of building

60

reaction by virtue of nuclear fission, even when individual

values for constants entering into the nuclear processes are
only imperfectly known.
It is, therefore, an object of the present invention to

provide a means and method of designing and building
and operating neutronic reactors capable of sustaining a
chain nuclear reaction by virtue of nuclear fission, and to

outline the variations that can be tolerated before the

reaction will become impossible of attainment in structures
of practical size.
Other objects and advantages of this invention will be
cent at the most. M” in this case is slightly lower than 65 apparent from a description of several operative reactors
as shown in the attached drawings, wherein:
in a reactor without a cooling system and for a uranium
Fig. 1 is a diagram or chart illustrating the balanced
metal sphere-graphite lattice M” has been found to be condition
of a chain reaction in a system of practical size
about 700 cm.”.
The practical calculations for pile design do not even 70 employing natural uranium in graphite;
Fig. 2 is a graph on which are plotted contour lines
depend upon this procedure but upon a more theoretical representing
various reproduction constants K for systems
one still. M2 can be written:
employing uranium metal spheres and graphite;
M?=r+Lo?(1–f)
(11)
Fig. 3 is a graph similar to that of Fig. 2 for cylindrical
where the symbol + designates the “age” of nascent neu 75 rods of uranium metal;
Fig. 4 is a graph on which are plotted contour lines
trons and is essentially the mean square distance that fis
It is to be noted however that M2 enters into K–1 only
so that the error in K would then be only about 1 per
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representing various values for the reproduction con

stants K for a uranium oxide (UO2)-graphite system
Fig. 5 is a graph on which are plotted contour lines
representing various reproduction constants K for systems
employing uranium oxide (UO2) and graphite wherein
the oxide is in the form of cylindrical rods;
Fig. 6 is a graph showing K contour lines for uranium
metal rods immersed in D2O;
Fig. 7 is a perspective view of a uranium-graphite re
actor completely enclosed in a radiation shield;
Fig. 8 is a front end plan view of the reactor shown in
Fig. 7, a portion of which is shown in central vertical
section;
Fig. 9 is a side plan view of the reactor a portion of
wherein the oxide is in the form of spheres;

which is shown in central vertical section;

Fig. 10 is a top plan view of the reactor a portion of
Fig. 11 is a plan view of one of the graphite blocks
containing uranium metal with a portion broken away to
show in section one of the uranium metal cylinders;
Fig. 12 is a longitudinal sectional view taken on the
line 12–12 of Fig. 11;
Fig. 13 is a longitudinal sectional view of a graphite
block and showing pseudospheres of uranium oxide in
place of the uranium metal;
Fig. 14 is a plan view of a graphite block loaded with
pseudospheres of uranium oxide, with a portion of the
block broken away to show a pseudosphere in a section
taken as indicated by line 14–14 in Fig. 13;
Fig. 15 is a plan view of a dead graphite brick with a
portion broken away and shown in section;
Fig. 16 is a schematic wiring diagram of a neutron den
sity monitoring circuit;
Fig. 17 is a graph showing neutron density values
plotted with relation to the number of layers as a cubical
reactor is built;
Fig. 18 is a diagrammatic side view of a safety rod;
Fig. 19 is a diagrammatic side view of a shim or limit
ing rod;
Fig. 20 is a diagrammatic side view of a control rod;
Fig. 21 is a graph on which are plotted neutron density
value relations found in the active portion of the system
plotted against number of layers of graphite bricks for
an ellipsoidal reactor;
Fig. 22 is an enlarged, fragmentary, perspective view
of a modified active portion in which the overall shape
is in the form of a cube or parallelepiped and the
uranium is arranged horizontally in cylinders or rods;
Fig. 23 is a second modification of the active portion
of the system wherein the overall shape is cylindrical
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which is shown in central horizontal section;

and the uranium is disposed vertically in the form of
cylinders or rods;
Fig. 24 is a diagram illustrating the distribution of
neutron density in a spherical reactor;
Fig. 25 is a vertical sectional view of a neutronic re
actor employing deuterium oxide as the moderator;
Fig. 26 is an enlarged fragmentary vertical sectional
view through a portion of the reactor showing in par

ticular a uranium rod used in the reactor shown in
Fig. 25;

Fig. 27 is a fragmentary detail sectional view corre
sponding to Fig. 26 but showing only a modification of
the ball valve seal shown in Fig. 26;

Fig. 28 is an enlarged vertical sectional view of a
portion of a uranium rod equipped with an attached
adapter for removing the uranium rod from the reactor;
Fig. 29 is a horizontal sectional view shown partially

in elevation, the section being taken on the line 29–29

Fig. 25;
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Fig. 32 is a cross sectional view, partly in elevation,
taken as indicated by the line 32—32 in Fig. 31;
Fig. 33 is a plan view of the system shown in Figs.
31 and 32;
Fig. 34 is a longitudinal sectional view, partly in eleva
tion, of a jacketed slug;
Fig. 35 is a longitudinal sectional view, partly in eleva
tion of a horizontal channel during a loading and un
loading operation;
Fig. 36 is a cross sectional view taken as indicated
by the line 36–36 in Fig. 35;
Fig. 37 is a vertical sectional view (partly in eleva
tion) of a liquid cooled reactor;
Fig. 38 is a vertical section view (partly in elevation)
of the reactor shown in Fig. 37, and taken as indicated
by the line 38–38 in Fig. 37;
Fig. 39 is a diagrammatic perspective view of a uranium
rod and associated coolant channel;
Fig. 40 is a diagram showing the statistical weight of
concentric lattice portions of uniform K plotted against
the extent of the same lattice portions within the struc
ture;
Fig. 41 is a diagram showing the effect of reflectors
of various thickness on the size of the reactor; and
Fig. 42 is a diagram showing the outline of a reactor
in the shape, roughly, of an ellipsoid.

AN ILLUSTRATIVE NEUTRONIC REACTOR
HAVING A SOLID MODERATOR

One of the simplest ways to accomplish a self-sustain
ing chain reaction operating by virtue of nuclear fission
is to utilize either uranium metal, uranium oxide, or
both, aggregated into bodies of substantial size and spaced

in a solid moderator such as graphite to form a lattice,
and built without the introduction of a cooling system

into the reactor. Such a neutronic reactor is shown
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in Figs. 7 to 21, inclusive.
Fig. 7 shows the neutronic reactor system diagram
matically in perspective and will be first referred to. As
the active portion of the reactor loses large quantities
of neutrons during operation, and the fission reaction
creates gamma radiation, it is desirable to protect operat
ing personnel from the radiations resulting from the chain
reaction. In this instance protection is provided by sur
rounding substantially all of the reactor with concrete
or equivalent shielding.

A heavy concrete foundation 10 is first poured and

side walls 11 and connecting backwall 12 are then erected.
This provides a vault space 14 (Figs. 8, 9 and 10) in
which the chain reacting lattice of uranium and graphite

is erected until the vault is filled within about five feet

of the top and five feet of the front, as will be later
described. The front of the vault is then closed by a
front wall 15 formed of concrete, and the top is closed
by a top wall 16 which may be of wood and lead layers.
The top wall 16 is pierced by a large opening 20, leading
to a well 21 extending inwardly to the peripheral layer
of uranium bodies in the internal lattice. A smaller
adjacent aperture 25 is the exterior opening of a shaft
26 (Fig. 8) extending into the central portion of the
reactor.
Front wall 15 is pierced by shim and regulating rod
apertures 29 and 29a respectively, positioned on each
side of and slightly above the center of front wall 15.

A “shim” or limiting rod 30 is positioned on a limiting
rod platform 31 and is movable to enter aperture 29 in
a horizontal plane; and a regulating or control rod 32 is
positioned on a control rod platform 33 to enter aperture
29a in a horizontal plane. Below the plane of these
two rod platforms is a removal platform 34 positioned
to receive lattice portions that may be removed from
the reactor through a removable section channel 35 and
from removable stringer channels 36. Details of the
rod mechanisms and use of the platforms will later be

Fig. 30 is a diagram showing change of critical size
Fig. 31 is a longitudinal view partly in section and
partly in elevation of an air cooled neutronic reactor
75 described.
system;

in U-C reactors with change in K;
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is approached, the steady state values of Ao approach in
finity, and when the critical size is exceeded, Ao no longer
has a steady state value. In place of a horizontal line as
would be obtained if K were exactly unity, the curve
slopes downwardly, indicating that K is greater than
unity, i. e., that the neutron density is increasing more
rapidly than square of the effective radius of the reactor,
Rºett, and that at some value of Rett, and consequently at

19

Preferably, at least from the halfway point of construc
tion, the natural neutron density in the pile is monitored
as layers are added. That is, the relatively constant
though small “natural” neutron contribution by sponta

neous fission and from other natural sources, causes fission
and initiates short chains of fission reaction in the partly
built pile. Until the critical size of the pile is reached,
such chain reactions are convergent, i. e., are not self
sustaining, but the fissions provide a measurable increase
of neutron density in the pile, over that provided by the

5
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natural neutrons which traverse the structure. Thus it has

been found that by plotting the neutron density within the
pile as layers are added thereto, with the control rod and
safety rods withdrawn, a prediction can be made in ad
vance as to the size at which the chain reaction in the
structure will become just self-sustaining. The personnel
building the pile can thus be warned that the critical size
is being approached.
In Fig. 17 the results of indium foil measurements in
the reactor are shown plotted against the number of layers
placed on the pile during construction of the reactor, the
foil measurements being obtained in the following manner.
A0 is the so called saturation radioactivity expressed in
counts per minute of a standard indium foil activated by
the neutrons at the approximate center of the structure as
far as constructed.
The indium foils are held, for example, between alumi
num trays and exposed to neutron bombardment at the
approximate center of the pile for a predetermined period
of time, to produce in the indium foil a condition of par
tial radioactive saturation. Various slots (not shown) ex
tending into the lattice may be provided for insertion of
the indium foil as construction proceeds, i.e., so that such
access can be had to localities which successively consti
tute the approximate center of the existing structure.
After the predetermined period of exposure to the neu
trons, the indium foil is removed from the pile and is al
lowed to stand for exactly three minutes to permit the
short-lived radioactivity produced by the exposure to the
neutrons to decay substantially to zero. The remaining
induced radioactivity of the indium foil is then determined
by utilizing a suitable and previously standardized Geiger
counter to count the beta rays emanating from the foil
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some determinable number of layers, indicated by the in
tercept with the axis, the density becomes or can become
infinite. Thus as the plotted points approach the axis a
simple extension of the curve clearly indicates in advance
the layer at which the system will become chain reacting,
with the ability to maintain the reaction, which in this

case was slightly above the 50th layer.
With the safety, shim, and control rods fully inserted
into the structure, the active portion and the reflector 17
are completed to the final size and shape desired, with
layers of dead carbon blocks being positioned over the top
thereof to complete the reflector 17, except for the well 21
and the shaft 26. The front of the vault was then closed.
Except for the upward extension of well 21 the top was
closed by adding 40 inches of wood and 6 inches of lead
in order that personnel could be present on top of the
reactor while it was operating. A structure is thus ob

tained having a substantially cubical active portion there

in, surrounded by a carbon reflector 17, and enclosed in a
shield on all sides.
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While the critical size was reached at slightly above the
50th layer, the reactor to be operative must have a size
larger than critical size so that the reproduction ratio is
greater than unity, and so that a rise in neutron density
can occur. In this case, the effective operating size for
low, intermittent power was reached by the addition of
four additional dead graphite layers, which completed the
reflector across the top of the reactor and thus increased
the effective size. The effect of the reflecting layers is
given below in terms of the time for doubling the neutron
density inside the reactor, with all control absorbers re

40 moved.

Time for Doubling

Layer

in Seconds

over a predetermined time period. The results thus ob

tained are then converted into values which would have

been obtained if the indium foil had been exposed to the

neutrons sufficiently long to produce a state of Saturation.
However, a given exposure time may be too long in
regions of high neutron density, yielding too many counts
per minute for the counter to handle accurately, or may
be too short in very low density regions yielding too few
counts for accurate represensation, in which event the time
schedules may be changed to compensate. The activity
of the indium foil may then be expressed in terms of
counts per minute at saturation for the foil used, although
in the latter case and for long or short exposure times,
the saturation activity in counts per minute may be de
termined from the equation
Ao

where c is the observed number of counts in time to, and
in minutes, tw. tz and tº are respectively the periods of ir

radiation, waiting and counting, and where f is the fraction
of the excited (radioactive) atoms that disintegrate in a
unit time, and for indium equals 0.012836 per minute.
The indium foils are preferably 4 cm. x 6.4 cm. and have
a thickness corresponding to 0.094 grams/cm.º.
The values of layers/A0 are plotted against the number
of layers, i. e., for measurements of Ao and computations
of layers made as the illustrated pile was built, each meas
urement of Ao being made for, and thus corresponding to,
the steady state value of neutron density reached at the
particular number of layers to which such measurement

corresponds. It should be noted that as the critical size
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The shielding around the reactor was found to have a
neutron reflecting capability equal to about 10 centimeters
of dead graphite,
The concrete walls also serve as the main shield to
prevent gamma radiation escaping outside the structure, as
carbon, being a light material, absorbs gamma rays only
to a relatively small extent. The water in the concrete
also serves to slow down and absorb escaping neutrons.
More detailed specifications of the cubical reactor just
described are given below:
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URANIUM

Total number of U lumps in reactor-------------------Total numberof U rneta]1umps (mostly 6, 7, and 8lbs. each).
Tº tal w ight ( f U metºl in ractor.....-----------------Total number of U oxide lumps mostly UO2, 6 lbs. each.
About 5% U3O8 averaging 5 pounds each positioned in
outer layers only-------------------------------------65 Total
weight of U oxide in reactor-----------–
Total weight of graphite (including reflector)---K of metal section.-----------------------------K of oxide section-...--

Average K.------------

----

17,640.
3,202.
20,368 lbs.

14,438,
84,000 lbs.
--- 472 tons.

--- 1,07.
--- 1,035.

- - - About 1.055.

Fastest doubling time---------------------------------- 12.5 seconds.

The graphite used was made from raw materials spe

-

i

-

cially selected for minimum neutron absorption,
The various rods entering the reactor will next be de
scribed, as shown diagrammatically in Figs. 18, 19 and 20.
Referring first to Fig. 20 showing the control rod 32 the

rod proper is a sheet of $46” steel 3% inches wide and 15
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built in a slightly non-spherical shape, and successfully
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feet long, to which are attached 4” blocks of 15 per cent

boron steel in 4 inch lengths. The rod is mounted on
lateral wheels 80 operating on tracks 81 on platform 33
outside of the reactor and on the bottom of slot 72 inside
the reactor. The composite rod is provided with a rack
82 engaged by pinion 83. This pinion is driven by belt
84 from a differential gear box 84a in opposite directions
by in motor 85 and out motor 86. Limit switches 87 and
87a are positioned to break the common motor lead at
either end of the rod travel by contact of stop 88. The
motors 85 and 86 are under control of the operator, and
the action of the control rod is fully described in a subse
quent section of this specification. A “selsyn" indicator
system 86a is used with the indicator in view of the con
trol rod operator to tell the operator the exact position of
the control rod at all times. The indicator may be cali
brated as discussed later.
The “shim” or limiting rod 30 is shown in Fig. 19.
This rod may be simply a cadmium sheet Ag” by 3% " by
15 feet riveted to a fiber backing, movable by hand into
and out of the reactor, held in place by pin 89 and locked
by pin guard 90 and padlock 91. This rod is so posi

operated to create a self-sustaining chain reaction at
about 200 watts power. This reactor was then torn
down and a large portion thereof incorporated in the re
actor just previously described.
As originally operated, the active portion of the re

actor was not cubical but was substantially in the shape
of a flattened rotational ellipsoid with a polar semi-axis
of 309 centimeters and an equatorial semi-axis of 388
centimeters as shown diagrammatically in Fig. 42. The
effective radius was about 355 centimeters (12.7 feet)
and the average K constant was about 1.054. It was
surrounded by about 12 inches of graphite and supported

by a wooden framework.
The uranium in the reactor was as follows:

Snape
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j

pound

|

2}4" eyilnder - - - - - | Mietal- - -

tioned in the reactor that when the control rod is com

3%” pseudosphere
Do-----------3” cylinder
-|
Do-------

pletely out of the reactor the maximum reproduction ratio
cannot exceed a value dependent upon the position of the

iË:” :m:Ri | Number | ::::::::
lbs.
-

UO2 ---U3Og .- - U ()? ---U3On … --

|

6. ()

4. 72
3, 99
4. 55
3, #7
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6. tº
5. i*
ij. 14
5. 20

shim rod.

The two safety rods 41 are alike and one is shown in
Fig. 18. They are formed from A6” cadmium sheet
3%.” wide backed by fiber, and long enough to complete
ly cross the reactor. They are drawn into the reactor
from platform 42 by cable 92 passing over pulley 93, the
cable also carrying weight 94. The safety rods are nor
mally held out of the reactor by latch 95 opened by
spring 96 and held in latched position by current passing
through solenoid 97. Accidental or deliberate interrup
tion of current in solenoid 97 will cause the latch to open
and the safety rods will be pulled into reactor by gravity
to stop the reaction. Spring bumper 98 cushions the
rod at the end of its travel. Normally when the reactor
is left unattended, all rods are inserted fully into the re

actor. The above described reactor is capable of being
operated at an output as high as 10,000 kilowatts for
short periods. Since the reactor is only conductively
cooled, only small powers can be continuously main
tained without an appreciable internal temperature rise.
However, the reactor is valuable for the manufacture of
radioactive elements and 94°39 and subsequent removal
of the irradiated uranium by use of the removable sec
tion, for use as an intense source of neutrons available in
well 21 and shaft 26 (Fig. 8), as a generator of high en
ergy gamma rays, and as a means for testing materials by
use of the removable stringers. These uses are more fully
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70,000
4, 790
2, 460
3, 340

19,480

1 92, 990

Various grades and makes of graphite were used in
the reactor, the reflector and a pier extending upwardly
for use as a thermal neutron source. The graphite, in
the amount of 385.5 tons, was made from raw materials
selected to give a K reduction which averaged about .02.
As this reactor was built up the neutron activity was
also monitored with indium foil exposures as above de

scribed. However, in this case, the changing shape of

the reactor must be taken into account.
40

In this reactor, Rºett is the effective radius of the struc

ture at various stages during construction. It is given by

the formula

(13)

50

described later in the section on uses of neutronic re
55

neutron density may also be calcuated from measure

ments on standard indium foils in locations spaced across
the reactor. Again using the symbol Ao for the satura
tion radioactivity value computed from the counts per
minute obtained in a Geiger counter from the standard
indium foils distributed across the pile, and assuming the
total energy produced per fission is 200 million electron
volts (m. e. v.), equivalent to 3.2×10-4 ergs, the power
of the pile at the measurement location is given by the
following formula:
Power=2.3.Ao ergs/sec.=2.3 x 10-7xAo watts

12,400

14, 840
1, 200
540
§4)

1 Equals 46.5 tons.

actors.

The power produced by the reactor at any attained

2,060

where a, b, c are the sides of a rectangular parallelopiped
which is drawn to conform as closely as possible to the
actual shape of the structure in its various stages of con
struction. If a structure employing a geometry giving K
exactly unity is built up gradually maintaining a true
spherical shape, then A0 increases approximately at R2,
where R is the radius of the sphere at any time. If it is
built with an ellipsoidal shape, Then Ao increases ap

proximately as R*eft, and in the actual structure that is
built, approximate values of a, b, c, to agree with the ac
tual shape at any stage can be estimated, and Rºett cal

culated.

The values of Rºet? are then used to plot
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against layers to predict the critical layer as shown in
This reactor became chain reacting after the 57th layer

Fig. 21.

added, this being about one layer beyond critical
Such indium foil measurements can be used to accurately 70 was
size.
With 57 layers in position, the time for doubling
calibrate galvanometer 70 in terms of watts, if desired.

the reaction was found to be about 1 minute. The re

The power can be removed as heat from neutronic re
actor construction was started to provide a spherical
actors by the use of suitable circulating media if desired,
shape. While the K factor of the bulk of the metal and
as will be taken up later.
the graphite, and the oxide and graphite, was known
A prototype of the reactor as above described was 75 from exponential pile measurement, a substantial amount
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of untested graphite was used in the outer portions of tank is being filled, and by plotting, for instance, the
reciprocals of such neutron densities as ordinates against
the reactor. This graphite proved to have a lower danger
sum than that predicted, giving an average K factor some measure of the overall size of the filled portion
of the tank (e. g., the volume of D2O) as abscissae, as the
higher than expected. In consequence, measurements
size is being increased by raising the level of heavy water
showed that the reactor would reach r=1 sooner than
23

in the tank in a manner similar to that described for the

expected, and therefore it was finished off without com
pleting the sphere. When the cubical reactor previously
described was built the K factors were better known for

the various combinations of uranium and graphite and
critical size and symmetry.
The neutron density distribution in a spherical reactor
is shown in Fig. 24 where the ratio of the neutron density
to the maximum neutron density in the pile is given for

the structure more closely approached the calculated

points within the reactor set forth as the ratio of the
partial radius at those points, to the total radius. The
maximum neutron density occurs at the center of the
reactor, falling off rapidly as the periphery is approached
with approximately a cosine curve. The curve shows
only a very small relative density at the periphery of the
reactor, but this density represents a flux of about 4 per
cent (in graphite) of the total neutrons generated that
are continuously leaking out of the reactor. The density,
however, of the neutrons leaking from the reactor is
low compared to those diffusing through the reactor and
thus causes only a slight displacement of the curve shown
in Fig. 24 past the 1.0 radius line. As the heat released
in the reactor is caused by the fissions, the heat distribu
tion curve across the reactor will be similar in shape to
the neutron density distribution curve. The neutron
density curve across reactors of other shapes is also
substantially a cosine curve.
Reactors of the above types can also be built with rod
geometry as shown in Figs. 22 and 23. In Fig. 22 urani
um rods 75 are horizontally positioned in bores 76 in live
graphite blocks 77 and piled side by side to make for
example, a cubical active portion. Similarly as drawn

in Fig. 23 the uranium rods 75 and the live graphite blocks
77 can be stacked vertically to form a cylindrical active
portion. Either shape of active portion can be used in
either of the geometries.
A description of a liquid moderated reactor with the
uranium in the form of rods vertically positioned will

It)
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contents, are referred to as the neutronic reactor. The

moderator, together with the uranium immersed in the

moderator, constitutes what may be termed the active

portion of the reactor. The thickness of the reflector
may be of the order of two or three feet or more de
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next be taken up.
AN ILLUSTRATIVE NEUTRONIC REACTOR

HAVING A LIQUID MODERATOR
A chain reaction can also be maintained in a
uranium-D2O reactor as shown herein, certain details
of which are more fully described and claimed in

the application of Fermi and Zinn, filed November 2,

945, Serial No. 626,383. Referring first to Fig. 25 of
the drawings, numeral 101 denotes a neutronic reactor
tank or container of cylindrical shape and of a material
that is relatively non-corrosive at low temperatures and
that is relatively non-absorbent with respect to neutrons,
such as, for example, aluminum or stainless steel. A
suitable size of such tank for a self-sustaining chain reac
tion when D2O is used as a moderator is one that is 6

feet in diameter and 7 feet 4 inches high, although other
sizes may be used as well. Suspended in tank 101 are
136 rods 102 of uranium metal 1.1 inches diameter
sheathed by aluminum about .035 inch thick, to prevent
extreme radioactivity and contamination of the D2O
moderator by fission products emanating from the ura
nium. Such coating also prevents corrosion of the urani
um by the heavy water. Rods 102, that will be described

in detail hereinafter, extend to about 1/4 inch of the tank

bottom. Sufficient deuterium oxide is introduced into

tank 101 to obtain a volume of uranium and heavy water

slightly over the critical size. Such critical size may be
predicted well in advance of attainment thereof. This
is done by taking measurements of the neutron density,
preferably adjacent to the perimeter of the tank, for ex
ample, in the reflector 104 described hereinafter, as the

construction of the uranium-graphite reactor. This will
give a curve that, when extrapolated, will indicate or force
cast the critical size at the point where the curve crosses
the axis of abscissae. When the critical size has been ex
ceeded a self-sustaining nuclear reaction is initiated as de
scribed hereinbefore. In the reactor described, the critical
size was obtained when the tank 101 was filled to a D2O
level of 122.4 centimeters from the bottom, and an operat
ing size giving a neutron density doubling time of 37.6
seconds was obtained at a D2O level of 123.1 centimeters.
At a level of 124.7 the doubling time was 6.52 seconds.
Immediately surrounding tank 101 is a neutron reflector
104 of graphite, for example, having substantially a cup
shape. Reflector 104 and tank 101 together with its

à5
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pending on the size of the active portion and the degree
of neutron scattering required. By using this peripheral
layer of scattering or reflecting material, the overall
size of the active portion of the reactor may be made
somewhat smaller than in a case where no scattering
layer is employed, since neutron losses to the exterior
are effectively reduced. Tank 101 and its contents may
be built slightly below the diameter that would be re
quired without a refiector so that the addition of reflec
tor 104 with its neutron reflecting action will convert the
reactor from one that is not self-sustaining to one that is
self-sustaining.
A concrete shield 105 surrounds the graphite reflector
104 and serves to prevent neutrons and gamma radiations

from escaping to the outside of the structure. The carbon
in reflector 104, being a relatively light element, ab
sorbs gamma rays only to a relatively small exent. The
concrete shield may be of the order of 5 or 10 feet in
thickness. The water of crystallization in the concrete
absorbs escaping neutrons.
Generally speaking, the higher the atomic weight of an

element, the better it serves as a shield to prevent escape
of penetrating radiations, such as gamma radiations.
Lead, therefore, is an excellent material for a shield for
certain purposes while water of the same thickness is only
fair. However, thick water shields are sometimes con
venient and satisfactory, as will be shown later. Inter
posed between the concrete shield 105 and graphite re
flector 104 is a cooled metal shield 107, preferably of a
lead-cadmium alloy, having cooling tubes 107a passing
therethrough, through which light water, that is, ordi
nary water, or other coolant may be circulated. Shield
107 is especially adapted not only to cool the outside of
the neutronic reactor but to minimize the escape of gamma
and other penetrating radiations. A suitable thickness
may be 4 inches or more.
A cover plate 108, for example, of stainless steel,
is provided at the top of tank 101 and serves as a ther
mal shield as well as a support for rods 102 and for
control and safety rods pivotally mounted thereunder,
as will be described later. Above the cover plate 108
is a space 109 into which the upper ends of rods 102
project, and through which piping can be conducted.
Above space 109 is a shield 109a having alternate layers
of iron and Masonite (compressed wood fiber) for pre
venting the escape of neutrons, gamma rays, and other

penetrating radiations from the top of tank 101 to the
outside.

A tube or well 109b of any suitable diameter, for

example 4 inches, extends through the shields 109a,
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space 109, and plate 108 into the tank 101, preferably
axially of the tank. Objects may be introduced from

26

from the atmosphere. A set screw 127 is screwed
downwardly of supporting rod 123 so as to firmly seat
the ball valve 126. A shank 131 is provided and sup

the exterior through the tube and into the center of
the tank so that they may be bombarded by high in
tensity neutron radiations for the production of radic
active isotopes or for other purposes desired . Aluminum

is suitable for tube 109b.

A pan 115 of stainless steel or other suitable ma

terial is located at the bottom of reflector 104 for col

lecting any heavy water that may leak from tank 101,
inasmuch as heavy water, at present, is relatively ex
pensive. The collected heavy water is drained as in
dicated by the arrow.

Helium at substantially atmospheric pressure is in
troduced through pipes 116 into the top of reactor
tank 101, that is, above the level of the heavy water,

10

15

and thence is circulated to the exterior of the tank 101

through pipes 117. As the result of high neutron densi

ties, and heat developed during the operation of the

chain reaction in tank 101 some of the deuterium oxide
will decompose into D2 and O2. These uncombined

gases will collect at the top of tank 101. In order to
remove such uncombined gases, recombine and recon

dense them without explosive effect, a gas circulating
system of any well-known type (not shown) may be used
for circulating the helium together with the uncom
bined gases into a recombiner of any well-known type
(not shown) such as a hot grid or platinum-charcoal
catalyst, or both, for effecting recombination of the
Da and O2 into heavy water, and for returning the
condensed D2O into tank 101. Helium may be cir
culated, for example, at the rate of 3 cubic feet per
minute. A suitable ratio of D2 to helium may be 1
to 150 although other dilutions may be used instead.
Space 109 also carries D2O inlet pipe 101a by which
D2O can be supplied to the top of reactor tank 101.
Outlet pipe 101b is positioned at the bottom of tank
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101. If desired, the D2O can be circulated through

external heat exchangers through pipes 101a and 101b.
to cool the moderator and thereby cool rods 102.

Immediately below coverplate 108 there is provided
a cadmium sheet 118 to act as a shield for minimizing
the escape of slow neutrons. Immediately below
cadmium sheet 118 there is provided an aluminum sheet
19 which is useful primarily to prevent electrolytic ac
tion between otherwise dissimilar metals (cadmium and
aluminum) in the interior of tank 101.
Shield 109a is supported by two pairs of crossed I
beams 120 and 121. Both pairs of I beams have their
extremities supported by the concrete shield 105.
Referring to Fig. 26 numeral 102 denotes one of

the composite uranium containing rods that is suspended
in the deuterium oxide moderator as shown in Fig. 25.
Rod 102 comprises a cylindrical rod of uranium or
uranium containing material 122 6 feet long that is

porting member 123 is screw-threaded thereto. An
upwardly extending aluminum sleeve 134 is screwed
to shank 131 and closed by an upper flanged member
133. A lead rod 132 is positioned between the lower
shank 131 and upper flanged member 133 for the pur
pose of reducing gamma ray escape axially of rods 102.
The flanges of member 133 are supported on the top
of a tube 135 screwed to cover plate 108. Flanged
member 133 is provided with an internal thread 133a

by which the rod assembly can be attached to a lift
ing crane, for example, for installation and removal.
Fig. 27 shows an alternate form of seal which may
be used in place of the ball valve 126 shown in Fig. 26.
The seal comprises a stud 126a screw-threaded into
bore 125a in supporting member 123. A compression
gasket or sealing ring 136 of lead, for example, is
then provided between elements 123 and 131 so that
as the latter-mentioned elements are screw-threaded to
gether, gasket 136 is compressed thereby forming an
airtight seal between supporting rod 123 and shank 131.
The neutron chain reaction may be prevented merely
by immersing into the heavy water one or more rods,

such as hollow rods 111 and 112 (Fig. 25 and Fig. 29)
4 inches in diameter, containing a 346 inch layer of cad
mium sandwiched between aluminum walls, and pivot
ally supported by the cover plate 108. Rod 111, for
example, may be operated as a control or regulating
rod, being immersed to greater or less extent in the
body of heavy water, as desired. Rod 112 may be
considered as a safety rod which normally is held out
of contact with the body of heavy water in tank 101
and is immersed into the heavy water only for emergency

purposes, that is, when control rod 111 per se, is insuf
ficient for immediate stoppage of the chain reaction.
Rod 111 may be pivotally mounted and rigidly secured
to a shaft 113, extending through the tank 101 through
sealed bearings 140. A method of automatic control is
to make rotation of shaft 113 responsive to the neutron
density at a peripheral portion of reflector 104, for ex

ample, as indicated by ionization chambers such as cham
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ber 141 having suitable amplifiers (not shown) so as
to be effective to control the neutron density of the
reactor and keep it substantially constant. Such means

of automatic control, however, forms no part of the pres
ent invention since manual control may be used and the

response of ionization chamber 141 may be observed in
order to monitor reactor power when operating.
In utilizing the output of the reactor, well 1098 plays
an important role. It extends through the center of the
reactor where the highest neutron density exists, and
intense neutron bombardment of materials inserted into
this well will take place, even at relatively low reactor
powers.
From the above description it will be seen that U-D2O
reactors are, in general, smaller than U-graphite reactors.
This means that both the neutron leakage and the cen
tral neutron density are higher than in U-graphite re
actors for a given total power output. Such a reactor

screw-threaded into a supporting rod 123 of nonfis 55
sionable material such as, for example, aluminum. A
thin tubing of aluminum 124 is drawn on to the outer
surface of uranium rod 122 and supporting rod 123
by any well-known drawing process by screwing on an
attachment 137 (see Fig. 28) that is subsequently re 60
moved. Thereafter, the joints formed at the top of as just described has been operated continuously at 250
supporting member 123 and at the bottom of rod 122
kilowatts when filled to higher levels and properly
are welded so as to form an airtight seal in tubing 124,
shimmed by shim rod 150 to compensate for operational
thus protectting the uranium rod 122 from the effects
poisoning, later discussed.
of the D2O. A narrow longitudinal groove 122a is 65
NEUTRONIC REACTORS WITH OTHER
provided between the connected elements 122–123 and
MODERATORS
tubing 124. An axial groove 125 and communicat
ing radial groove 125a are provided at the top of sup
While we have illustrated our invention as including
porting rod 123 that communicates with space 122a
thereby making it possible to evacuate the air space 70 moderators of graphite and D2O, other moderators can
and thereby test for possible leaks in the top and bot also be used. Beryllium, for example, either as metal
tom welded joints in tubing 124 by noting the pressure or oxide, can also be used. When Be or BeO is used,
change interiorly of the air space after a predetermined the constructional details can be substantially as de
scribed, for example, for the uranium-graphite reactor,
evacuation.
A ball valve 126 is provided to seal the space 122a 75 using the moderator in the form of bricks.
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The following table sets forth constants for represent
ative beryllium-uranium reactors, as presently known.

limits of error of this type of measurement. However,
if structures are built well within the limits of the curves

Be METAL DENSITY 1.85 GM./CM.4
U Sphere

U ROd

U. Slab,

Radius of uranium bodies---| 5.0 cm.---------- 3.5 cm------------- 1.5 cm. (thickness).
Critical cylinder------- - - -| 168×309.1 cm----| 165.7X304.9 cm
179X343.8 èrn.

Annount Bel
Amount U.K COnStant--

51.5 tonS-

- $ 48.9 tODS- §3.7 tons,
- 47.3 tons-69.2 tons,
i,0982- - - - ?.
1.0342

Be OXIDE DENSITY 2 GMS./CM.;
Radius of uranium bodies---| 3.0 cm----------- 1.5 cm------------}?4,2X358 cm
199.3X368 cm1

Critical cylinder--Amount Be0 - - - .

?????? U (tons)

134 toris
40.4---

145 tons-----

With an efficient reflector, critical amounts of Be and
U can be reduced a few per cent.
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shown, using materials giving favorable danger sums and
the proper critical sizes, a self-sustaining chain reacting

system will result.
Though K contour lines for natural uranium metal
spheres, uranium oxide (UO2) spheres, U metal and

Sphere and rod geometry as shown herein can be used
with light water to give K factors around unity even

with natural uranium. For example, a K constant of

slightly over 1 has been obtained by the use of uranium UO2 cylindrical rods only have been shown for graphite
rods of 1.5 centimeters diameter placed parallel in light 2. moderators and U metal rods for a heavy water modera
tor, it is to be realized that similar curves can be made

water with a volume ratio of water to U metal of 1.65.

Diphenyl can also be used as a moderator and closely

resembles light water giving a gain of from 2 to .4 per
cent in K. With either, a slight enrichment of the
uranium with one of the fissionable isotopes such as, for
example U233, U235, 94239 will provide a K sufficiently
greater than unity, to enable the construction of operat
ing reactors.
However, the water or diphenyl lattice can also be
used as part of a reactor, with for example a seed, or
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portion having a higher K, in the center of the reactor
so that the average K will be sufficiently above unity
to provide a reactor of practical size. A heavy water
lattice, for example, can be made to provide the higher
K factor for the center of the composite device and the

40 tween the bodies.

average K, and hence the critical size computed as set

duction takes place therein, they are very efficient.

REDUCTION OF LOSSES DUE TO RESONANCE
CAPTURE

fission neutrons before leaving the lump of uranium.
Each of these factors may be computed separately by
methods known to physicists, using experimentally de
termined constants appropriate to these phenomena. The

the size of the uranium bodies and the ratio of the

volumes of graphite to uranium depart from the optimum,
the reproduction constant K will decrease in value.
In Fig. 2 contour lines have been plotted for theoreti
cally pure spherical uranium metal of density at least
about 18 gms./cm.*, imbedded in graphite. In Fig. 4
contour lines have been plotted for spherical lumps of
UO2 of density 6 gms./cm.8 imbedded in graphite. In
Figs, 3 and 5, K contour lines have been plotted for cy
lindrical rods of metallic uranium, and rods of uranium
oxide (UO2) of density 6 gms./cm.*, respectively, extend
ing through the reactor. Along the ordinates of the
()

graphs are plotted the radii of the spheres or rods. Along
the abscissae of Figs, 2 and 3 are plotted volume ratios
of graphite to uranium. Beneath the volume ratio mu
merals of Fig. 2 are numerals in parentheses representing

ti,

roots of the ratios of the total volume of the graphite
and the uranium to the volume of the uranium. These
parenthetical values represent the ratio of the radius of
the unit cell to that of the uranium body, both the unit
cel (carbon and uranium) and the uranium being con

the linear divisions of the graph in terms of the cube

proportionality factor required to obtain the values of K
for these curves from the product of these three factors

however has been determined from the measured values
of K in certain actual measurements of lattice arrange

ments, such as, for example, the results obtained by the
measurement of pile structures too small to support a self

sustaining chain reaction, as set forth herein and in the
Fermi application referred to previously, together with
results obtained by measurements made in operating re

The neutrons reduced to thermal

energies will then have to diffuse in the moderator over
a longer path, thus increasing the probability of capture
by the moderator before entering the uranium. Likewise,
as the size of the uranium bodies is decreased, uranium
resonance absorption increases, and in fact, increases
faster than the decrease of moderator absorption. Con
sequently, with all other factors remaining constant, as

forth elsewhere herein. Water lattices are also useful
as reflectors around other reactors, and as neutron repro

Having described several specific embodiments of oper
ative reactors, limit curves for theoretically pure natural
uranium metal spheres and rods and oxide spheres and
rods will next be described as shown in Figs, 2, 3, 4, 5
and 6, respectively, when used in various moderators.
The shapes and extents of the curves are based on the
fact that K is proportional to the product of three factors:
p, f and e where p is the probability of a fast fission neutron
escaping resonance capture and becoming a thermal neu
tron; f is the fraction of the thermal neutrons absorbed
by uranium (both by simple capture and to produce fis
sion) rather than by the carbon; and e is the factor by
which the number of neutrons is increased because of the
additional neutrons due to fission produced by the fast

for other geometrical shapes of the uranium bodies and
for other uranium compounds with proper allowance
for the nature of the compound, the uranium content,
bulk density and neutron absorption of the moderator.
The highest values for the reproduction factor K are
obtained where both the neutron resonance absorption
in the uranium and the neutron absorption in the modera
tor are about equal. As the uranium bodies are enlarged,
for any given volume ratio, surface resonance absorption
will decrease but moderator absorption will increase. The
increase in moderator absorption in this case is due to
the fact that the larger the uranium bodies are, for any
given volume ratio, the greater will be the distance be

t)

actors. The K values are therefore accurate within the 75

sidered as spheres. The values not in parentheses give

the volume ratio of carbon to uranium for the cell and

for the structure, as the lattice is a mere repetition of
+
In Figs. 3 and 5 the unit cell is expressed in cylindrical
terms, and along the abscissae are plotted volume ratios.

cells.
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cate that optimum K constants of about 1.3 can be ob

tained with rods of about 2.25 to 2.5 centimeters radius
immersed in D2O at volume ratios of from 40 to 80

D2O to 1 uranium. The ability to obtain such high K
factors by properly aggregating the uranium in D2O,
together with the favorable ratio of scattering cross sec

sizes of natural uranium metal much less than this value

it would be impossible to build a self-sustaining chain
reacting system irrespective of the overall size of the
structure. For spheres of greater size than 0.3 centi
meter, it is possible to obtain values for the reproduction
factor K greater than unity, providing the ratio between
graphite volume and the volume of the uranium is within
certain limits as shown on the graph. From a considera
tion of Fig. 3 it will be apparent that the limiting radius
may be somewhat smaller where the uranium metal
aggregates are rod-like in shape and as shown, a K of

unity may be secured when the radius of the rods is as
tour shown in Fig. 2 represents a value for the repro
duction constant K of about 1.09. At approximately the
center of this contour the highest possible reproduction
factor K of about 1.10 would be found. This highest
value is for optimum conditions with theoretically pure
spherical uranium lumps of about 2.75 centimeters in
radius, and a volume ratio of about 54 carbon to 1
uranium. Similarly in Fig. 4 it will be seen that if the
radii of the uranium oxide spheres are less than about
1.2 centimeters no chain reaction will take place with
any volume ratio or size. For oxide spheres of greater
than 1.2 centimeters radius, K factors greater than unity
are possible within wide limits of volume ratio, with the
optimum K of about 1.06 at the center of the innermost
contour line obtained by using oxide spheres of about
low as about 0.25 centimeter. The innermost closed con

10

15

20

cost, the increased overall size required.
On the other hand, if one desires to obtain the greatest

possible yield of 94239 or to reduce the amount of mod

5.75 centimeters radius and a volume ratio of 18.7 carbon

erator when D2O is used, rather than reduce the initial
cost of the uranium, one should select a point near the
lefthand extreme of the contour in question, and further
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innermost contour at around 3.75 centimeters radius, and
with a volume ratio of about 17.5 carbon to 1 uranium.
It will thus be seen that while rod geometry gives some
what smaller values of K than sphere geometry, the neu
tron saving due to aggregation is still large enough to

provide a self-sustaining chain reaction in a system of

practical size even when uranium oxide is used. '
While the optimum conditions are found in a system
of lumped uranium and graphite when uranium metal
spheres are used, it will be obvious that in many cases
other shapes of uranium bodies, such as rods will be
preferable. For example, if 94239 and various fission
products are to be recovered from the uranium after
operation, any large numbers of spheres or short cylin

ders are not easily removed without tearing down the re
actor. The metal or oxide bodies from the removable
stringers described as extending through the reactor can
be removed, but such procedure will only remove a small
portion of the total material. Rods, or rods made up of
short slugs in end to end relation, however, are easily

removed, leaving the moderator undisturbed, as will be
shown later.
Rod geometry also assumes practical importance when
reactors of large power output are built, as rods lend
themselves readily to incorporation in fluid heat absorb
ing systems, as will be taken up in conjunction with

50

55

60

K curves for uranium metal rods in a D2O moderator
70

ume ratios of D2O to U. It will be noted that the curves

all size of the structure. The geometry of the system
desired, therefore, can be selected in accordance with the
desired balance of economic and engineering factors.
The curves shown in Figs. 2, 3, 4 and 5 have only been
carried upwardly to 4 centimeters spheres of metal, 6 centi
meters spheres of oxide, 2 centimeters for U metal iods,
and 6 centimeters radius for oxide rods. It is only in
the regions shown that economical structures can be built
with natural uranium because the proportion of uranium

required for the same reproduction factor becomes in
ordinately large as the size of the lumps increases, and
cooling difficulties are introduced by using large uranium
bodies. However, even using much larger bodies of
uranium than those set forth in the curves, the chain
reaction will take place with K greater than unity within
the areas enclosed by extrapolations of the curves as
shown, in systems above critical size. We do not, there
fore, desire to be limited to the preferred region shown
on the curves where only conditions surrounding and in
cluding the optimum are set forth.
It is obvious, from the description given above, that
aggregation of the uranium also makes it possible to

riched by addition thereto of fissionable material such as
U233, U235, or 94239. Enrichment and the use of more

efficient slowing media provide a greater number of
neutrons per cycle, and thus increase K over the values
obtained for given geometries and volume ratios using
natural uranium and graphite. The increased K constants

provided by aggregation in these instances, permit the

overall sizes for the systems to be reduced. The shape
of the curves shown in Figs. 2, 3, 4, 5 and 6 will not be

resemble the graphite curves, except that K constants are
higher and only the lower volume ratios are shown.
These are the volume ratios where the amount of element

94 produced will be the greatest and where the relative

more should choose the lowest value of K consistent with

purity of available materials and limitations on the over

increase K values obtained when natural uranium is en
65

methods of cooling the reactors.

have also been made and are shown in Fig. 6, where the
ordinates are given as rod radii and the abscissae as vol

tion to absorption cross section, and with M2 being con
siderably less than that of carbon, leads to an operating
reactor considerably smaller than can be obtained with
graphite or beryllium. In addition the range of volume
ratios at which K factors will be greater than unity is
very wide, and the upper limits of the curves are not
presently well-known. However, for optimum and near
optimum geometries at the lower volume ratios the curves
shown are sufficiently accurate for use in designing prac
tical D2O reactors, such as that described herein in detail.
It can be observed from Figs. 2, 3, 4, 5 and 6 that for
a given size of the uranium lumps, either spheres or rods,
the value of K will diminish from the maximum, repre
senting optimum conditions, as the volume ratio either
increases or decreases. The same effect is produced by
increasing or decreasing the size of the uranium bodies
from that representing optimum conditions. It is evi
dent, therefore, that for every value of K there is a range
of uranium body sizes and volume ratios which can be
selected as desired. From the standpoint of economics,
the more costly material, when it is uranium, can be saved
by selecting the uranium body size and volume ratio at
the most extreme righthand position on the contour line

representing the K factor required for the system. This
saving in proportion of uranium may counterbalance in

to 1 uranium.

As shown in Fig. 5, the minimum oxide rod radius
for K greater than unity is about .75 centimeter. The
optimum K factor of over 1.04 is obtained within the

30

amount of D2O will be the smallest, as D2O is presently
more expensive than uranium. The curves clearly indi

In Fig. 5 the parenthetical numerals represent the ratio
of the radius of the unit cell (carbon and uranium) and
the uranium, both being considered as cylinders.
Referring first to Fig. 2, it can be seen that if the radii
of the metallic uranium spheres are less than about 0.3
centimeter, the value of the reproduction constant K is
less than unity for all volume ratios, so that for sphere

75

greatly changed by the use of enriched uranium, but will
merely take on a higher value of K in accordance with
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the neutrons gained for the chain by the enrichment.
The K=1 curve will then be outside of the curves shown,
indicating that enrichment, for example, widens the limits
of the volume ratios within which the chain reaction can
be sustained, but does not eliminate the need for aggre
gation of the uranium if maximum K constants are to be
obtained.
The curves just described take into account resonance
and moderator losses only. To find a true K constant for
presently available materials, impurity losses must be
taken into account.
REDUCTION OF NEUTRON LOSSES DUE TO
IMPURITIES IN THE MATERIALS

Uranium and its compounds can be produced in a con
dition substantially free from neutron absorbing impuri
ties within the requrements of neutronic reactor opera
tion with various moderators. A composition that is sub
stantially free from neutron absorbing impurities may be
said to have a high neutronic purity. It should be noted
that neutronic purity has no necessary connection what
ever with chemical purity, i.e., a composition having high
neutronic purity is one which is substantially free from
particular elements having a high danger sum. Such a
composition may be far from chemically pure in that

it may contain many foreign elements having low danger
sums. For example, substantial amounts of oxygen,

fluorine, carbon, or beryllium and many others, all of
which have low danger coefficients may be present as im
purities, and yet the composition still may have high
neutronic purity.
In a well-known process of producing uranium oxide
from pitch-blende ore, the last step may be a hydrochloric
acid leach. This ordinarily produces an almost chemi
cally pure (better than 99.5 per cent uranium oxide) but
not a neutronically pure uranium composition, as many
elements having exceedingly high neutron capture cross
sections may still be present in amounts on the order of
parts per million. The raw material that is treated as
herein described is material which is neither chemically or
neutronically pure, but is ordinarily the end product of a
uranium recovery process from uranium ore.
Uranium compositions of high neutronic purity, i. e.
those having a danger sum in K units of less than .3
and preferably less than 0.01, are suited for use in neu
tronic reactors. Such compositions can be produced by
various purification procedures.
One illustrative procedure involves the steps of form

ing an ether solution of uranyl nitrate, washing the im

purities from the solution with small volumes of water
and thereafter recovering the purified uranyl nitrate from
which uranium metal or other uranium compositions suit.
able for use in the neutronic reactor may be prepared.
Neutronically impure uranium oxide may be reacted
with nitric acid to obtain a solution containing uranyl
nitrate with soluble and insoluble foreign matter. This
composition is filtered to obtain a solution of uranyl
nitrate and soluble impurities. The solution is heated to
boiling to convert the uranyl nitrate to uranyl nitrate
hexahydrate, and the water evaporated to obtain a com
position consisting essentially of uranyl nitrate hexahy
drate and impurities. This composition is then treated

chemical purity. The remaining purified uranyl nitrate

can be recovered in two ways, by evaporation of the
ether or by extraction of the uranyl nitrate from the ether
10 solution by pure or substantially pure water which is
substantially free from impurities having a high danger
sum. The purified uranyl nitrate may then be converted
to other uranium compositions suitable for use in a
neutronic reactor.
15
In the large scale production of uranium compositions,
it has been found that neutronically pure uranium com
positions can be prepared from neutronically impure
uranium oxide, for example, by conversion of the oxide
to uranyl nitrate hexahydrate, dissolving the uranyl ni
20 trate once in ether, and making several water extractions
of the ether solution to remove impurities and then
making a water extraction of the ether solution to re
move the bulk of the purified uranyl nitrate, or by obtain
ing the uranium by evaporation of the ether. In such
production, generally only one ether solution is required
while the number of water extractions may be varied to
suit the amount of purification required by the impure
oxide. The final water extraction is of substantially pure
water to remove the bulk of the uranyl nitrate from
30 the ether. The uranyl nitrate may then be converted to
U3O8, UO2, the tetra or hexafluoride, or to the metal or
carbide.
As a preferred method applied for large scale opera
tions, the purification may consist essentially of dissolv
35 ing the uranium oxide in nitric acid, filtering to remove
the insoluble residue, and evaporating the solution in
order to crystallize the uranyl nitrate hexahydrate. These
crystals are then dissolved in ether to form a saturated
solution and the impurities extracted therefrom by per
40 mitting several batches of small amounts of saturated
aqeuous solutions of uranyl nitrate to settle through the
ether solution. Following this purification sufficient water
of high purity, preferably distilled water, to dissolve the
bulk of the purified uranyl nitrate out of the ether solu
45 tion is added, so as to extract the greater part of the
purified uranyl nitrate from the ether. The amount of
water required for this purpose is large in comparison to
the relatively small portions used for washing and fre
quently the volume of water exceeds or at least is equal
50 to the volume of ether solution. The ether is then ready
for the next charge of uranyl nitrate hexahydrate. The

aqueous solution of purified uranyl nitrate is evaporated
and the nitrate calcined to the oxide, the nitrous oxide
fumes evolved being recovered by appropriate recovery
means. In this manner it is not necessary to evaporate the
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with ether to form a solution thereof and the ether solu

tion so obtained is extracted or washed with relatively
small quantities of water. In such an extraction pro
cedure the impurities having high neutron absorptive

capacity or neutron capture cross section are more readily
dissolved in the water than in the ether. Although the
uranium compound is also more soluble in water than
in ether, the loss of uranium is kept very low by two
expedients, namely, by using a quantity of water to ex
tract the impurities small in relation to the amount of
ether solution, as for example, from one-half to 5 per
cent water by volume; and by using as extraction por
tions water already saturated with uranyl nitrate. The
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term water extraction as used broadly herein includes the
water solutions of uranyl nitrate.
As a result of extraction of the ether solution by suc
cessive water portions, a new composition can be pro
duced from the remaining uranyl nitrate having extremely
high neutronic purity, although not necessarily of high

75

ether to obtain the purified uranyl nitrate.
The efficiency of the ether solution and water extrac
tion process has been shown in a practical manner by
applying the process to the treatment of crude uranium
oxide derived from ores from three widely geographical
sources, namely, Canada, Colorado, and the Belgian
Congo. These oxides originally obviously contain widely
different impurities. After being subjected to the ether
solution process the resultant products are neutronically
indistinguishable from each other, and are all of such
high neutronic purity so that they can be used in a self
sustaining chain neutron reacting system.
The oxide produced by calcining the purified uranyl

nitrate according to the process described above is
ordinarily UO3. This may be reduced to UO2 by heat
ing in a furnace in an atmosphere of hydrogen.
The UO2 so produced is sufficiently pure neutronically
to be used directly in a self-sustaining neutron reacting
system in spite of its high oxygen content. However, the
use of such oxide has certain disadvantages in that the
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combined with the reduction of resonance losses by ag
gregation of the uranium and by using suitable modera
tors, it has been possible to construct neutronic chain
reacting systems of practical size.
From the above discussion it will be seen that the ex
treme importance of certain “dangerous” impurities in
uranium compositions has been recognized and con
trolled by proper purification of raw materials and care
to avoid contamination during manufacture. These
precautions have led to final products of an unusual
degree of overall purity.

5

10

However, on a weight basis, for example, roughly ten

times as much moderator as uranium is used in neutronic

reactors such as the uranium-graphite reactor (with re

flector), for example. Consequently, the relative effect
of the impurities is increased by approximately this weight
ing factor. The following table gives the result of an
analysis of one batch of graphite for the most important
impurities therein, the danger coefficients being weighted
by the factor of 10.

Ca--------

21,500
50
47
16
5

. 0118
. 00:32
.0009
, 0007
. 0010

Total----------------|---------------------- '0176.
???? ? ? ?? ? ?

Graphite for use in neutronic reactors is produced by

impregnating calcined petroleum coke with pitch and
then graphitizing under heat. Several pitch impregna
tions may be made to increase density of the graphite.
However, as petroleum coke and pitch are not readily
subject to chemical purification, it is important that such
raw materials be chosen with great care as to their im
purity content, particularly as to boron and vanadium.
The impurity reduction in K for graphite can be limited
to from .01 to .015 by careful selection of the raw mate
rials entering into the manufacture of graphite for use in
neutronic reactors.

Impurities in D2O are easier to control. DzO is pro
duced in quantity with a purity of about 99.8 per cent,
the main impurity being light water. This small amount
of light water does not affect the efficiency of moderation
and with some small changes in geometry of the lattice,
95 per cent D2O, 5 per cent H2O can be used satisfac
torily. However, the main effort in manufacturing D2O
is in the early states of concentration, and no significant
saving in cost can be made by stopping at 95 per cent
purity with respect to H2O. Other impurities in D2O
are small to start with and are relatively unimportant.

They come mostly from containers in which the D2O is
handled, and with care such contamination is minimized.

Contamination during use due to corrosion of tank walls,
uranium rod sheaths, etc., can be removed by distilla

Reactors conductively cooled by dissipation of the heat
of the reaction through the exterior of the structures can
only be operated at low powers continuously or at high
powers for short periods, for otherwise heat will accu
mulate in the reactor. In some instances continuous op
eration at high power outputs is desirable. Under these
circumstances, a coolant can be circulated through the
reactor provided proper precautions are taken to main
tain the proper neutronic conditions therein.
The sources of heat generator in a uranium-graphite
reactor, for example, can be summarized as follows, all
figures being approximate:
1. SUMMARY BY TYPE

'i' Percent
20 Gamma RadiationBeta Radiation----Kinetic Energy of Fission fragment
Kinetic Energy of neutrons-----------

25
0. 55
64
19
45
207
|
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EFFECT OF A COOLING SYSTEM IN A NEU
TRONIC REACTOR

23

11

11

6

159
7

79
4

200

100

2. SUMMARY BY LOCALE WHERE HEAT IS GENERATED

M.
e. v.]
fission
30 In uranium------------------------------------In Carbon----Outside Pile-------------------------------------

Percent

184
12
4

92
6
2

200

100

3. SUMMARY BY TYPE ANID LOCALE
M. e. V.

Percent | Percent | Percent

per fission| in U

energy of fission frag
40 |Kinetic
ments---------------------Kinetic e?? of neutrons--Gamma radiation from fis
sion fragments------------Beta radiation from fission

fragments------------------

Nuclear affinity of neutrons

(gamma radiation).---------

159

in C

Outside

100 ----------|----------

7 l----------

90

10

5

25

5

11

18

70

100 ---------- -------

60

25
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In D2O reactors, the operating sizes are smaller and
exterior neutron losses are larger. Consequently, more
heat is developed outside the reactor. At first glance, it
might appear obvious to circulate a cooling fluid through
a neutronic reactor to remove heat therefrom. However,
it must be kept in mind that the coolant itself, with few
exceptions, will be a neutron absorber, and that tubes or
pipes, if used for coolant direction in the active portion
of the reactor, will also be neutron absorbing.
The coolant and tubes, if used, can be passed through

the reactor in heat exchange relation to the moderator, to
the uranium bodies, or to both. A number of methods of
cooling are available. One of the simplest is to run alumi
num tubes through the moderator and then pass water
through the tubes. However, most of the heat generated

tion of the D2O if it is found that such impurities are
by the reaction is released in the uranium, and as most
impairing the operation of the reactor. Be and BeO are
moderators are relatively poor heat conductors, cooling
susceptible to chemical purification.
the moderator alone, for example, is limited to reactors
In any moderator, neutron bombardment during use operating
around 1000 kw. For higher power reactors,
in a reactor tends to purify the moderator. For example,
boron, an element having a high capture cross section is cooling of the uranium directly may be desirable.
However, uranium is chemically very active, and it is
converted to lithium by neutron capture and subsequent
alpha emission, and lithium has a much smaller capture usually desirable to protect the uranium itself from direct
contact with the cooling medium. The uranium may need
cross section than boron. In D2O, light water contami
to be protected from chemical reaction with the coolant,
nation is reduced by conversion of the light water to 7 () and
fission fragments from nuclear fissions originating on
heavy water by neutron capture. Thus moderators im
or
near
the surfaces of the uranium bodies should, in most
prove with use, if not re-contaminated.
be kept from entering the coolant stream, as these
The introduction of losses due to neutron absorbing cases,
fragments are highly radioactive. If the fission frag
materials formed in the uranium during operation at 7 5 ments
should be allowed unrestrained entrance to the
high neutron densities will be later discussed,
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operating continuously up to 3000 kw. with a construc
tion as shown in Figs. 31 to 36 inclusive. Such a re

actor will next be described.
J ()
AN ILLUSTRATIVE GAS-COOLED NEUTRONIC
REACTOR

One such structure broadly comprises a mass of graph
ite blocks 209 closely piled or stacked into a cube 210
shown in Figs. 31 and 32. This structure is more fully
described and claimed in our copending application, Se
rial No. 596,465, filed May 29, 1945. This graphite cube
may be, for example, 24 to 26 feet on a side and rest on
a concrete foundation 211. The graphite cube 210 is
pierced with horizontal air channels 212 of square cross
section, with one of the diagonals vertical, as shown in
Fig. 36. The channels may be readily made by grooving
adjacent blocks. The channels are 1.75 inches on a side
and extend completely through the reactor, from an inlet
face 214 to an outlet face 215. About 2000 channels
may be provided, and as will be later brought out, any
unused channels can be plugged. Only a few of the
channels are shown in the drawing for sake of clarity.
Adjacent the inlet face 214 of the cube, the foundation
is continued downwardly to form the floor of an inlet
air duct 216 extending outwardly. The inlet air duct
216 is completed by concrete side walls and top 219.
At some distance away from the graphite cube 210
the inlet duct is turned upwardly to terminate in an air
filter 220, relatively close to the surface of the ground.
A fan or blower 221, here illustrated as electrically
driven, is installed on the floor of the inlet duct just
below the air filter, access to the fan being conveniently
obtained through duct door 222, behind the fan.
The concrete top 219 of the inlet air duct is continued
upwardly as inlet shield 224 positioned parallel to but
spaced away from inlet face 214 of the cube 210 to
form an inlet chamber 225 communicating with the air
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the reactor and from the exterior of the reactor. The

coolant, every part of the cooling system exteriorly of
the reactor would have to be heavily shielded for pro
tection of operating personnel, and circulating machinery
and piping might become inaccessible for repair for long
periods of time after reactor shut down.
Air has been used to cool a uranium-graphite reactor

neutron activity is checked during loading, as has been
previously described for building other type reactors.
Using the graphite mass 210 as the moderator to slow
fast neutrons to energies where they again are able to
create fission in 92235, the device as described will have a
reproduction ratio of unity when approximately 700 of
the channels 212 in the graphite cube are each loaded
with 68 aluminum jacketed uranium slugs 235 lying end
to end, with a channel spacing of 7 inches measured
center to center, and with the loaded channels roughly
defining a cylindrical active portion as indicated by line
A in Fig. 32. Both graphite and uranium should be of
highest possible purity. Presently obtainable materials
have impurities therein reducing K by a total of about
-15 to .02 unit from the base K for pure materials and
specific geometry.
However, more than a unity reproduction ratio is

o5

required, as when the reproduction ratio is exactly unity
no rise in neutron density will occur as has been pre
viously brought out. Under such conditions the device
will not develop high neutron densities or power in the
form of heat. By loading additional channels, i. e.,
making the active portion greater than critical size, how
ever, the reproduction ratio within the reactor can be
brought above unity in order that a rise in density can
occur. Then this excess neutron reproduction can be
absorbed by neutron absorbing materials deliberately
inserted into the reactor in order to hold the reproduction
ratio at an average value of unity after a desired power
output has been obtained, as a result of the initial rise
in density, i. e., by the control rod.

Consequently, in accordance with the amount of excess

reproduction ratio desired, about 1000 channels may be
loaded with uranium slugs. Most of the channels not
loaded with uranium may be closed by inserting plugs,
preferably of graphite, in such channels in order to con
serve air. Some of the channels, however, in the pe
ripheral portions of the cube may be left open for cooling
40

channels 212.
Above the inlet chamber 225 and the cube 210 the 4.5

concrete is continued horizontally to form a top shield
226, and side shields 228 are built up from the founda
tion 211 to enclose cube 210. Shields 226 and 228
closely approach the top and side faces of the cube, to

of the graphite in those portions.
One preferred form of slug construction for rod geom
etry is shown in Fig. 34. In this case, each uranium

metal slug 235 is 1.1 inches in diameter and 4 inches long
covered with an aluminum jacket approximately 20 mils
thick in good heat conductive relation to the uranium.
The slugs weigh about 2% pounds each.
In forming the slugs 235, the uranium portion 236 is
machined to size, cleaned in trisodium phosphate and

then washed in water. Aluminum or other non-fission

able metal jacket cans 237 are provided having an inside

minimize air flow around the outside of the cube. A

diameter somewhat larger than the uranium portion.
small amount of air circulation, however, may be desir
This can 237 with the uranium inside is then passed
able over the top and side faces to cool these faces.
through a sizing die of 1.134 inches diameter. This die,
At the outlet face 215, an outlet end shield 230 of
being
of smaller diameter than the 1.1 inch uranium
concrete is provided. End shield 230 is parallel to and .
plus the two aluminum walls, draws the can in
spaced from the outlet face 215 of the graphite cube to ". portion
thermal contact with the uranium.
form an outlet chamber 231 communicating above with tight
A cup-shaped cap 238 is then placed base down inside
the base 232 of a stack 234, projecting upwardly and
the projecting portion of the can 237 and is seam welded
formed as a continuation of the concrete top, side, and
to the can. The projecting portion is then cut off above
outlet end shields. Thus, the cube 210 is completely
enclosed by concrete shields, with a duct system operat ?? the seam weld 240 and the remaining projecting portion
including the weld, spun over the adjacent end of the
ing by virtue of pressure provided by fan 221 to conduct
slug. Thus, each jacket completely encloses and seals
air from close to ground level through channels 212 into
the uranium preventing air from corroding the uranium
the stack and then into the atmosphere well above ground
level at the top of the stack. The concrete shields may 65 and also preventing fission fragments created by nuclear
fission at the surface of the uranium from entering the
be from five to twenty feet thick in accordance with
air stream.
the maximum desired operating power of the reactor, and
serve as shields to reduce escape of neutrons and gamma
radiation.
As a neutronic reaction will take place when uranium
bodies are properly spaced in a moderator mass of a

The channels are loaded with uranium until the active

certain finite size, the above-described device can be

portion is over critical size, for example, to a size where
the reproduction ratio, with movable neutron absorbers
removed, is about 1.005. This geometry provides, with a
slug spacing of about seven inches, a volume ratio of

horizontal channels in such a manner and in such an

constant for the rod lattice of about 1.06. As the K

made chain reacting by placing uranium bodies in the

70

about 47 C to 1 U, and the residual impurities, a K

amount that a neutron reproduction ratio of slightly over constant of 1.06 is reduced to a reproduction ratio of
unity is obtained, exclusive of all neutron losses within 75 1.005 by the reduction in size of the reactor from infinity
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to the operating size, the reproduction ratio of 1,005
means that for every two hundred neutrons starting in
each neutron generation about two hundred and one
neutrons can be produced in the operating reactor over

and above all losses. Under these conditions and taking
into account the fact that about one per cent of the
neutrons of fission are delayed in their emission for a
mean time of about 5 seconds the neutron density of the

5

a charging tube 247 inserted, extending through the inlet
end shield 224, across the inlet chamber 225 and entering
the corresponding air channel 212 as shown in Fig. 35.
The outer end of charging tube 247 is provided with a
flanged nipple 249 shaped to engage a nipple recess 250
of a plunger-operated loading mechanism indicated gen

reactor will double every 8 to 15 seconds. With some
part of the movable neutron absorbers inserted but with
the insertion of less than the amount of neutron ab
sorbers required to make the reproduction ratio unity,
the rise is slower. When the movable neutron absorbers
are almost, but not entirely inserted to the critical posi

erally by numeral 251. It will be noted that the charging
pass through the channel being unloaded. The air should
circulate during unloading, although it may be at reduced
velocity. Slugs are forced into the air channels by
plunger 251a from loading mechanism 251, which, being
no part of the present invention, will not be described in
detail.
The loading mechanism 251 is mounted on an elevator
platform 256 mounted to be raised and lowered in an ele
vator frame 257 capable of moving along the outside of
tube is smaller than the air channel 12 and that air can

tion, a single doubling of the neutron density may take

several hours. When a desired density has been reached,

the reproduction ratio can be reduced to unity So that
the desired density is continuously maintained by the
neutron absorption in the inserted neutron absorbing
material.
As in other reactors described, the neutron absorbing
material may be introduced into the reactor in the form
of a control rod 241 as shown diagramatically in Fig. 32.
This control rod extends into the graphite cube, sliding
in a channel therein and is operated from outside of side
shield 228 as by rack and pinion 242. The rod is made

inlet end shield 224 on elevator tracks 258 (Fig. 33).

from, or incorporates therein, an efficient neutron ab

sorber such as cadmium or boron. Shim and safety rods

241a and 241b are provided.
During operation heat is released in the reactor in ac- :
cordance with the neutron density therein as shown in
Fig. 24. Most of the heat arises from the kinetic energy
of the fission fragments and about 92 per cent of the

energy is released in the uranium. About 6 percent is re
leased in the graphite due to neutron absorption and the

slowing process therein and about 2 per cent escapes from
the reactor in the form of neutrons and gamma radiation.
Consequently, the reactor can only be operated at a power
dependent upon heat removal to the point where a stable
temperature obtains. Otherwise, the reactor will accu
mulate heat to the point that the device may be dam
aged. This condition will be greatest in the center of the

reactor as the heat generated is greatest there. Since
aluminum melts at 658° C., stable temperatures below
this value should be used although with jackets of other
non-fissionable metals, such as beryllium, the stable tem
perature may be increased, although if the temperature
should rise too high the uranium bodies might be damaged
even when using beryllium jackets, as uranium of the type
used in neutronic reactors melts at about 1100° C.
A stable temperature is obtained in the device by pass

ing atmospheric air through the reactor, and in the spe
cific example shown and described, the air is passed
through the graphite channels and directly in contact with
the aluminum jackets of the slugs, so that the center of the
reactor is properly cooled. Under these circumstances
the reactor can be operated continuously at 250 kilowatts
electrical equivalent of heat by passing 32,000 cubic feet
per minute through the reactor with a maximum tempera
ture of the slugs of about 100° C., and at 500 kilowatts
continuously with about 50,000 cubic feet per minute of
air with a maximum metal temperature of 200° C. These
described, and total power output is determined by the
heat maxima occur at the center of the reactor loaded as

maximum temperature permitted there. Higher tem
perature maxima may be used, but what these tempera
tures will be will depend upon the heat conductivity of the
uranium, the jacket and the jacket-uranium interface, and
the cooling efficiency. Such air cooled reactors have been
operated continuously at 3000 kilowatts by increasing fan
capacity.
To accomplish loading of the slugs 235 into the various
air channels 212, the concrete of the inlet end shield 224
is pierced with a plurality of loading apertures 245, as

the axis of slug positions in the air channels 212. Nor
mally, during operation of the reactor, each aperture 245
is closed by a removable lead plug 246 extending through
the shield 224 only.
When it is desired to load a channel with new slugs,
the lead plug 246 for that channel alone is removed, and
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Base 259 of the elevator frame is provided with a plat
form 260 projecting outwardly on the same level as the
top of a supply car 261 travelling on supply car tracks 262.
Supply car 261 is used to bring a supply of slugs to the
elevator for use in the loading mechanism 251.
In the initial loading of the graphite cube 210 when
uniform loading is performed, loading is started with the
more central air channels until 68 slugs have been placed
in the guide tube 247 and connected channel. The load
ing mechanism is then operated to push the slugs into the
channel until the outer end of the first slug is at the outlet
face 215, leaving the outer end of the last slug about 16
inches from the inlet face 214, leaving 16 inches of
graphite for reflecting purposes.

Proceeding outwardly and preferably concentrically,

additional channels are loaded, meanwhile checking the
neutronic activity of the reactor as previously described.
As the activity increases as the loading approaches a crit
ical size, as previously explained, that is, the size where
the reproduction ratio will be exactly unity, the approach
to critical size can be predicted by extrapolation of ob
served neutron density values with respect to the volume
of the cube loaded with uranium.
As the critical size is approached, the control rod 241
is inserted deeply into the reactor to prevent a self-sustain
ing chain reaction; and loading is continued until the de
sired maximum reproduction ratio of, for example, from
1.005 to 1.006 is attained. This ratio can be checked by
removal of the control rod and measuring the time taken
by the reactor to double its neutron density. From this
period, the reproduction ratio can be mathematically com
puted.
When the desired number of channels are loaded the

active core of the reactor may contain from 34 to 50 tons
of uranium, and will be ready for operation. Graphite
plugs for the unused air channels may be loaded in a man
ner similar to that described for the uranium slugs.
It will be noted that on 4 sides of the graphite cube
excess graphite will be present. On the fifth side, i. e., at
the inlet face, graphite will also extend 16 inches beyond
the uranium. On the remaining side, i. e., the outlet face,
no graphite extends beyond the uranium. Thus 5 sides
of the active portion (the uranium bearing portion) are
surrounded by graphite. This graphite constitutes the

reflector and reduces the amount of uranium required to

reach critical size. In the present instance the reduction
in size is only slightly less than the optimum, as 5 sides
of the active portion are surrounded with the reflecting
layer.
After the reactor is loaded to give the desired shape

shown in Figs. 31 and 35, each aperture being aligned with 73 and size of the active portion, the fan is started and the
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erator and is enclosed by a fluid tight steel casing 352,
supported on I beams 354 within a concrete tank 355,
erected on foundation 353. Tank 355 is preferably filled
with water 356 to act as a shield for neutrons and gamma
radiation.
The encased reactor is surrounded on all sides except
one by the water 356, and the side not surrounded, which
is to be the charging face 357 of the reactor is provided
with a shield tank 358 filled, for example, with lead
shot and water.
Coolant tubes 359 extend through the adjacent con
crete wall 360, through shield tank 358, through the
graphite moderator block 350 to an outlet face 362 of
casing 352 to empty into water 356 in tank 355. Only
a few tubes 359 are shown in Fig. 37 for sake of clarity
of illustration. A backing wall 364 is placed in tank
355 spaced from outlet face 362. Coolant tubes 359
are preferably of aluminum.
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The principal dimensions of the reactor are as follows,

using the K constant set forth above:
Axial length of active cylinder of reactor=7 meters.
Radius of active cylinder of reactor=4.94 meters.
Total weight of uranium metal in rods=200 metric tons.
Weight of graphite in reactor=850 metric tons.
Radius of uranium metal rods=1.7 centimeters.
10

Number of rods in reactor=1695.

Weight of aluminum in reactor=8.7 metric tons,

Rod spacing in square array=21.3 centimeters.

It will be noticed from the above values that the coolant

On the outside of tank 355 where the coolant tubes

enter the reactor, the ends of coolant tubes 359 are re

movably capped, and are supplied with coolant under
pressure from conveniently positioned manifolds. Thus
water can be passed through tubes 359 to be discharged
at outlet face 362 into tank 355. Water, after having
passed through the reactor is removed through outlet
pipe 365.
The coolant tubes 359 may then be charged with
aluminum jacketed uranium slugs 372, similar to those
described in connection with the gas cooled reactor, by
uncapping the tube to be loaded and pushing slugs into
the tubes in end to end relationship. The reactor can
then be loaded with sufficient uranium to make the
reactor operative to produce high neutron densities, the
heat being dissipated by the coolant circulation. This
coolant may be water, for example, from a source such
as a river, passed once through the reactor, and then
discarded, or, the water may be cooled and recirculated
in a closed system. If diphenyl is used a closed system
is required.
Loading and unloading are performed as in the air
cooled reactor, and the same slug loading and receiving
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structures are used. As these have been described for

the gas cooled reactor they will not be described again
but the parts have been given the same numbers with a w
subscript, Control is by a control rod 370 as in the
other reactors described. Monitoring is by ionization
chamber 371. Shim and safety rods 370a and 370b

are also provided, shown diagrammatically.
Referring to Fig. 39, which shows diagrammatically

the relation of the moderator coolant pipe and rod, it
will be seen that slugs 372 forming the rods are posi
tioned in the coolant tubes 359 on projections 373 pro
viding a uniform annulus of coolant around the slugs.
In this case, the jackets, the coolant itself and the
pipes introduce parasitic losses which, for one specific
example of a liquid cooled uranium-graphite reactor
have been evaluated for a water cooled reactor capable
of continuous operation at about 100,000 kilowatts.
For such a reactor employing uranium rods disposed in
graphite in accordance with near optimum geometry con
ditions and utilizing uranium metal and graphite of
presently obtainable purity, the value of K would be
about 1.07. The value of K for the structure is deter
mined as follows:

K for uranium rods in graphite (including
residual impurities)-----------------K reduction due to aluminum jackets and

annulus can be thicker with diphenyl than with water as
diphenyl has a smaller danger sum for a given volume than
water. This fact, together with the fact that diphenyl
has a higher boiling temperature than water, makes the
use of diphenyl attractive for higher power. However,
such advantages must be balanced against the requirement
of a closed circulation for diphenyl, and the fact that some
polymerization may take place in diphenyl, thus requir
ing make-up in the system to prevent the coolant from
becoming too viscous for proper circulation. Each cool
ant has advantages for particular reactors. Liquid cool
ants, however, are ideal for reactor outputs up to 500,000
kilowatts.
As the total K–1 available for uranium-graphite reac
tors is only about. 1 it is obvious that the amount of coolant
cannot be greatly increased over the values given above,
as the K constant would be so reduced as to preclude the

construction of a reactor of practical size. However,
when D2O is used as a moderator, K–1 can be as high
as about 3 when uranium rods are used. Consequently,
a D2O-uranium reactor can include a greater percentage
of impurities than a uranium-graphite reactor. When
D2O is used as a moderator in a uranium rod system to
be fluid cooled, the piping and jacketing procedure may
be the same as for the uranium-graphite reactor, except
that the coolant annulus can be increased in size, D20
uranium reactors can therefore be designed to operate at
still higher powers, even when light water is used for
cooling. However, it should be pointed out that D2O
itself can be used as a coolant, thus reducing the parasitic
absorption, at least as far as the coolant alone is con

cerned,
50

It is thus apparent that by considering the coolant and
the circulating elements required to be placed inside the
reactor, as parasitic impurities, and then evalulating these
impurities in terms of reduction in the K factor as taught
herein, and then using the resultant K factor to determine
the critical and operating sizes of a proposed reactor, that
cooled reactors capable of operating at various desired

powers can readily be designed.
USE OF DIFFERENT LATTICES IN THE SAME
NEUTRONIC REACTOR

It will be noted that in the uranium-graphite reactor
first described herein, that there were two different lattice
zones incorporated in the complete reactor, and that the
critical size of the reactor was computed for the average
65

K(K) of the device. In this case the difference in the
zones was the use of uranium in two different forms—

1.034 75

tical size. Such a reactor is disclosed and claimed in
March 24, 1945. Furthermore a uranium H2O lattice

1.07

Pipes ----------- ------------------ 0.013

K reduction due to coolant------------- 0.023

Total K reduction for cooling system----- 0.036 0.036
The value of K for the structure---------

Thickness of aluminum jackets=0.5 millimeter.
Thickness of aluminum pipe= 1.5 millimeters.
Thickness of liquid layer=2.2 millimeters with water;
=4 millimeters with diphenyl.

spacing remaining substantially the same. However, re
actors can also be built where there are zones differing in
K even though these zones are composed of wholly dif
ferent moderators. For example, when a liquid or solid
moderator lattice has, for some reason a low K factor, a
D2O moderated center portion might be used to bring up
the K and thus reduce the composite reactor to a prac
Anderson and Brown application Serial No. 584,688, filed
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structures, the edge length of the cube can be used for R,
with the edge lengths of the inner cubes as S1, S2, etc.

used as a central zone, to give an overall K sufficiently

greater than unity to enable an operating reactor to be
built of practical size.
When reactors are constructed of concentric layers of
materials, the average K can be calculated.
Curves are shown in Fig. 40 and they are drawn in
terms of statistical weight we for a particular sub-side (or
sub-radius) of a zone having a specific lattice therein plot
ted against S/R where R is the side (or radius) of the
entire composite active portion of the reactor, and S is
the extent of the radius (or side) of the zone incorporat
ing a specific lattice.
Statistical weight (ws) may be defined as the value of
a given mass of lattice weighted in accordance with its
position in the reactor. Any given mass of lattice is worth
more at the center of the reactor than at the edges be
cause of the difference in neutron densities at the two
positions. In general, it can be said that the effectiveness
of a lattice varies in accordance with the square of the
average neutron density to which it is exposed.
As the neutron density across the reactor varies, we
represents the weight of a zone evaluated in accordance
with the square of the average neutron density across that

portion of the radius R through which the zone extends
when the center is evaluated at unity. The curves enable
the calculation of the overall or average K for a reactor
consisting of concentric layers of lattices having different
K factors. The overall shapes considered are (1) the

cube, (2) the sphere and (3) the cylinder, with the ura
In using the curves, assume a cylindrical active portion
of total radius R. Then if a lattice with a reproduction
factor K1 and migration length M1 is disposed as a cen
tral cylinder of radius S1, a second lattice of different K,
say K2, and migration length M2, is disposed around the
central cylinder up to a cylinder of radius S2, and a third
lattice of reproduction factor K3 and migration length M3
is disposed still further outside in a concentric layer up
to the edge of the cylinder where S3=R; then the average

When the average K(K) is found for the structure this

value can be used to determine what the critical size of

10

15

the structure will be, as brought out in the section on
critical and operating sizes.
In this manner structures can be built to proper oper
ating sizes even though part of the structure has a K con

stant approaching unity. A center portion having a rela
tively high K constant can be used to raise the average K

to a value permitting a smaller reactor than would be
possible with the use only of the lattice having the lower
K constant. Similarly, a central portion with a lower K
constant can be used to flatten the neutron density curve
across the reactor.

CRITICAL AND OPERATING SIZES OF NEU
TRONIC REACTORS
20 After all of the neutron losses that enter into the chain
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nium contained in the form of rods.

is given by:
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reaction have been evaluated for a specific lattice, with
the exception of the loss by leakage from the exterior of
the system, the size to which the system is to be built for
proper operation has to be determined.
There are several ways by which critical and operating
sizes are determined, and it is desirable that these sizes be
found within a low margin of error so that auxiliary
equipment such as shields, for example, can be con
structed of proper size and not be too small to enclose the
operating reactor.
One very satisfactory method of determining critical
size particularly for low power reactors is to measure the
value A in an exponential pile (referred to above) which
is a structure similar in all respects but size to the struc
ture contemplated, and then use this value to determine
critical and operating sizes.
A may be evaluated by finding the relaxation distance
b as heretofore set forth. In case the reactor is to be
built in the form of a large spherical structure, the criti
cal radius (R) is given by

K–1
M2

v-Á
45

X??

46

When Formula 1 or 2 are used for concentric cubical

can be used in a reactor when a uranium-D2O lattice is

IM3

(17)

In case the structure is to be a rectangular parallelepiped
with sides ai, az and as the critical size is given by the
formula

??L??

In graphite-uranium reactors of the type herein described,
the migration lengths can be assumed to be the same for
all the concentric zones; in that case M*=Mi”-M2”-M3”
and Formula 15 gives the average value of K–1 directly,
in terms of the separate K–1 for each medium. When
different moderators are used the appropriate value of
M2 is inserted.
As a specific example of the use of the curves of Fig. 40
as applied, for example to graphite-uranium reactors such
as described herein, when the reactor is cylindrically
loaded with rod geometry, if

?? " ??"

In case the structure is to be built up as a cylinder of
height H and radius R, the critical values of these quan
tities may be computed from the formula
55
(2.405)*
R;

60

S

??-24
as shown in Fig. 40 when Kiara 1.05 and Ka=1.06 then

herein. Then, as

K-1=w&#) (Ki-1)+[1—w(%)](K,-1) (16)
Then with both migration lengths taken as being equal, the
curves show
? (%)=0.525
hence

1—w (Mi) =0,475

(9)
70

?=1.0548
If K1-1.04 and K2=1.06, then under the same conditions

K-1.045.

Thus, critical size can be determined directly from the
merical value for K, for a low power chain reacting
structure and with any moderator.
However, when M2 is known, K can be determined,
and it may be convenient for design purposes to refer
all computations to K as a base factor, as has been done

measured values of A without determination of a nu

75

the value of K is found when A and M* are known, as
pointed out below the value of K is then used to determine
critical and operating sizes for the reactor and this method
is adaptable for reactors of any power.
For example, in the case of a spherical structure em
ploying uranium bodies imbedded in graphite in the

geometries disclosed herein and without an external re
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delayed, i.e., a =.0067, and T is the mean time of delayed
emission of the delayed neutrons (5 seconds). The above
formula is only approximate because it uses an average
delay time.
As an example, if r is 1,001, and the system has settled
down to a steady exponential rise in neutron density, then

radius (R) in feet:

(20)
when r=1 by definition of critical size, and where C is a
constant that varies slightly with geometry of the lattice
and for normal uranium-graphite lattices may have a value
close to 7.4.
For a rectangular parallelepiped structure rather than

spherical, the critical size can be computed from the for

10

mula below when r=1

1 . 1 .. 1

K?r= C(?)

15

and graphite is given by the formula, irrespective of the
shape of the uranium bodies, when r=1,

(22)

where cylinder height is H feet and radius is R feet.
However, when critical size is attained, by definition,
no rise in neutron density with time can be expected,
as the reproduction ratio is exactly unity. It is therefore
necessary to increase the size of the structure beyond the
critical size, but not to the extent that the period for
doubling of the neutron density is too short, as otherwise
the neutron density might rise to values where the device
would be damaged.
It was formerly believed that the neutron reproduction
cycle would be completed in about .0015 second. Under
these circumstances any size or effective size of reactor
giving a neutron reproduction ratio greater than unity
would have to be provided with some exceedingly quick
acting control device operating within a fraction of the
reproduction cycle time. However, we have found that
by taking advantage of the fact that there are delayed
neutrons in the cycle, we can operate and control neutronic
reactors with reproduction ratios substantially exceeding
unity, without encountering high and dangerous rates of

20

to several minutes after the fission has occurred. Half
these neutrons are emitted within six seconds and 9 within

45 seconds. The mean time of delayed emission is about
5 seconds. The cycle shown in Fig. 1 is completed by
99 per cent of the neutrons in about .0015 second, but
if the reproduction ratio of the reactor is near unity, the
extra 1 per cent may make all the difference between an
increase or a decrease in the activity. The fact that the
last neutron in the cycle is held back, as it were, imparts
a slowness of response to the reactor that would not be
present if the 100n neutrons were all emitted instanta
neously.
For cases in which the reproduction ratio (r) differs
from unity by (appreciably) less than 1 per cent, the rise
of neutron density, or more specifically the value N to
which the number of neutrons has risen from an original
value No, after a lapse of time of t seconds during and
before which the pile has operated at a fixed value of r
(No being the number of neutrons at the beginning of t,
i. e., after disappearance of transient effects due to any
preceding change in r), is given by—

of the delayed neutron effect is particularly significant in
the stated lower range of r values. Strictly speaking, the
given equation holds only for the steady state, i. e., where
r has been held constant for some time; an additional
transient term must be included to obtain an accurate rep
resentation of the neutron density during the first few
seconds after a sudden change of r.
If r were to be exactly 1.01, a more detailed theory

shows that the neutron density would be more than tripled
per second. However, if the reproduction ratio r is
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several per cent greater than unity, so that the one per
cent delayed neutrons are unimportant compared with
r—1, the density increases at a much more rapid rate as
given approximately by rº/l where l is .0015 second, the
normal time to complete a cycle. If r were 1.02 and 1.03,
the factor by which the neutron density would be multi
plied per second would be 1100 and 700,000 respectively.
If r were to be made 1.04, the neutron density would
increase in 1.5 seconds by a factor of approximately 1017
over its original level.
It is thus apparent that the operating conditions must
always be such that the neutron reproduction ratio does
not materially exceed 1.01 as the rate of rise of neutron
density could then be so fast as to be uncontrollable.
There are several ways by which such operating condi
tions can be met. One of the simplest is to make the
actual operating size of the structure such that a repro
duction ratio of 1.01 cannot be attained when all control
absorbers are removed. A safe value for the maximum

neutron density rise.
We have found that there is a substantial time factor

in the rise of neutron density after a reproduction ratio
of unity has been exceeded due to the fact that a sub
stantial portion, gencrally about one per cent, of neutrons
generated in a neutronic reactor are “delayed neutrons.”
These delayed fast neutrons may appear at any time up

that is, N/No-2.75 in 28.5 seconds. Hence doubling of
the neutron density occurs about every 20 seconds. The
above formula thus indicates the rate of rise for relatively
low values of r and shows how the reduction of the rate

(21)

where a, b, and c are the lengths of the sides in feet.
The critical size for a cylindrical structure of uranium
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In this formula w is the fraction of the neutrons that are

flector the following formula gives the critical overall
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attainable reproduction ratio is about 1.005 at the tem
perature and power of operation and low power reactors
can be built so that size alone limits the reproduction
factor below 1.01. The size at which the reproduction
ratios greater than unity can be obtained, may be com
puted from modifications of the above formulae, when
K is corrected by a poisoning factor due to operation,
later to be discussed. This factor only becomes im
portant when operating a reactor at relatively high neu
tron densities. For example, for active spherical struc
tures the formula

(23)
may be used to find the operating radius R when K is
known and r is 1.005. The same formula will, of course,
give r for given structures for which K and R are known.
In the case of spherical structure employing uranium
bodies of any shape or size imbedded in a heavy water
(DzO) moderator, the following formula gives the criti
cal or operating overall radius, in accordance with the
value of r.

R=

(24)

where R is the radius in centimeters and r for critical size

equals one.
For a parallelepiped structure rather than spherical,
using a heavy water moderator, the critical and operating
sizes can be computed from the formula:
1 . 1 .. 1
(25)

K-r-828-(++++)
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where a, b, and c are the lengths of the sides in cen
timeters.
The critical size for a cylindrical structure using a heavy
water moderator is given, irrespective of the shape of the
uranium bodies by the formula:
??

323rº , 1868

where x is the distance from the center of the reactor

measured in the direction of 2l, mi is the number of
5

tion at the outer surfaces of the reactor, the neutron

-

where H is the height in centimeters and R is the radius
in centimeters, operating sizes are also determinable from
these formulae by inserting the operating value of r de

density ni must be zero. The solution then becomes

pensate for operational poisoning.

2-????
K–1

sent the different values of K for the critical size dimen
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2:
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5, 45
3. 84
3, 14

32
21, 5
13. 4
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(30)

In this case, the solutions of 25 do not go to zero at
the outer surfaces of the reactor (active portion) but
this condition is replaced by the requirement that ne
should be zero at the outer surfaces of the reflector,
i. e., a distance T-Fl from the center of the reactor. At
the boundary of the active region, however, the solu
tions from (25) and (28) must give the same values
of neutron density close to the boundary, and further
more, the neutrons flowing across the boundary in one
direction must be the same as those flowing in the op

posite direction. Mathematically, this means that, if
l’ is the “new” thickness of the reactor with the re

the reactor and externally in the reflector respectively,
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then

at z=l'
45

mits a smaller reactor to be constructed for the same
K factor.

If a reactor be considered as being surrounded by a
vacuum or by cadmium, the density of the neutrons on
the outside surface of the reactor can be taken to be
zero. This comes about because any neutron which
passes the exterior surface of the reactor will either fly
off into space, or be absorbed in the cadmium and conse
quently lost to the chain reaction within the reactor.
If the reactor is immersed in air, the same assump
tion can be made, but it is only approximately true, be
cause the air itself will scatter some of the neutrons which
emerge back into the reactor. As another possibility,
the reactor can be surrounded by some substance like
graphite which will scatter most of the neutrons and
absorb relatively few. In this case, neutrons emerging

1

flector and r, and re are the “mean free" paths inside

9, 45
6, 55
5.45

The use of a reflector, through the action of scattering
neutrons back into the reactor, raises the density of ther
mal neutrons throughout the reactor and this, in turn,
increases the reproduction ratio of the reactor. Thus
critical size (r=1) with a reflector is smaller than with
out a reflector. Consequently the use of a reflector per

If, now, the reactor is surrounded by a reflector of
thickness T with migration length Me and neutron den
sity ne, we may derive a diffusion equation for the re
flector. This equation will be the same as 25 but with
K replaced by zero as there is no neutron multiplica

???"=0

radius | Feet, Cube
18.5
12, 3
7.7

(29)

tion in the reflector. Therefore

change in geometry. In evaluating the values given in
the curves and table it must be kept in mind that the

U Metal-heavy water, K–1

(28)

15 in order for the reactor to maintain a chain reaction.

In Fig. 30 the vertical ordinates of the curves repre

critical size is that size where the chain reaction just
will become self-sustaining (ra- 1).

|-

This in turn means that 21 must be adjusted so that

-

sions in feet plotted as the horizontal abscissae. The
curves are labeled to show the values for the cube, the
cylinder and the sphere. The cylinder, for each value,
has its height equal to its diameter.
The following table will show the approximate critical
sizes for operative low power reactors utilizing D2O,
for different values of K where K is changed due to

n;= A cos

10

sired.

The curves in Fig. 30 show approximate critical sizes
for operative lower power reactors of spherical, cubical and
cylindrical shape utilizing graphite. When higher power
is required, the sizes have to be revised upwardly to com

neutrons per cubic centimeter, K is the reproduction
constant and Mi” is the migration area.
This equation must be solved, subject to the restric

(31)

By carrying through the mathematical processes of solu
tion the following expression will ultimately be obtained
for determining l',
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and thus gives a new thickness for the pile (if K is the

same, etc.) which is less than that obtained formerly
without a reflector.
55

60

While the discussion above has been concerned with

a “sandwich.” pile, the same general type of treatment
may be applied to any shape as cylinders or spheres.
The mathematical complexity increases rapidly, and in
the case of an infinite cylinder, the final expression for
l" is given by exactly the same expression in first ap
proximation, and very little quantitative change in higher
approximations.

from the surface of the reactor will be scattered in all

So far it has been considered that all the neutrons

directions by the reflector and some of them will reenter
the reactor, thereby raising the neutron density at the
edge of the reactor.
The simplest discussion of the theory of a reactor re

escape as thermal neutrons and move with the same
speed. However, in a reactor, when a thermal neutron
is captured by a U235 nucleus, the resulting fission will
generate neutrons which are moving with high speed.
These fast neutrons will, in general, be slowed down

flector involves a reactor of thickness 21 in one direc
tion and infinite in extent in the other two. This re

duces the mathematical complexity to a problem involv
ing a single variable. Further simplification may be ob
tained by assuming all the neutrons entering the reflector
are thermal. Under these conditions the reactor equ
ation may be written
Ma
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in the moderator until they become thermal. However,
some of these fast neutrons that are produced close to
the outer surface of the reactor will be projected into
the reflector. In the simplified picture just above, these
neutrons were assumed absent; actually they were looked
on as lost. Some of them, however, will be slowed
down in the reflector material in exactly the same way
75 as in the moderator, and may become thermal in the

51
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reflector. Some of them may then diffuse back into the
reactor in the usual way.
A fast neutron will generally not go far before be

importance since these losses readily lend themselves to
variation in any type of reactor, Cadmium and boron,
for example, having high neutron absorption capabilities,

coming slowed down to thermal velocities and conse

are commonly used in the form of the control rods that
can be inserted in a reactor between the uranium bodies

quently only those produced fairly close to the edge of

in greater or lesser amount, as set forth above in the

the reactor will be slowed down in the reflector and

ultimately scattered back into the reactor, For this rea

description of the various reactors.

reactor and in the reflector will be increased over what
it would have been if the fast neutrons had leaked com

erally constructed of sufficient effective size to have a

maximum reproduction ratio somewhat less than 1,01,

pletely out of the reactor.
In Fig. 41, characteristic curves are shown relating
to a graphite-uranium reactor, plotting the neutron den
sity values along the radius for different points along
the radius. The ordinates are

which means that exterior leakage losses are not quite
sufficient to reduce the reproduction ratio to unity.

Under these conditions, interior neutron losses are intro

15

Neutron density

Average neutron density

and the abscissae are given as per cent radius. The
curves show the effect of the reflector in increasing the

effective size of the reactor, a reflector of infinite thick

ness increasing the effective radius by about 10 per cent,
with a 2 ft, reflector increasing the radius about 8 per
cent. Accordingly, the critical radius of the active por
tion of the reactor may be reduced by approximately

2 3.

the same percentage when a reflector is used.

While the theories and allocations outlined above are

only approximations, due to the fact that neutrons of
all energies between that of fission and thermal energy
are entering the reflector, the theories provide for suffi
ciently accurate design so that reactors can be, and have

been built and operated, with reflectors and with proper

operating characteristics and outlined herein.
A second means and method of preventing the maxi
mum reproduction ratio from rising over about 1.01 in
a neutronic reaction, during operation, is by the use of
“shim” or limiting rods inserted in the reactor, when the
actual size of the reactor is large enough to result in a
reproduction ratio of over 1.01 under some operating
conditions. The use of such rods to keep the reproduc
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tion ratio at a safe value will be described in the follow

ing section on control.
CONTROL OF THE NEUTRONIC REACTION BY
VARIATION OF NEUTRON LOSSES IN OR FROM
THE NEUTRONIC REACTOR

Because of the fact that a reproduction ratio of unity
in a neutronic reactor means, by definition, that no rise
in neutron density will take place, some means must be
provided in a neutronic reactor whereby the neutron
density can be allowed to rise to a desired value, and
then act to stabilize the reaction at that value.
Again, by definition, a reproduction ratio greater than
unity means that the neutron density will rise until
stopped. In consequence, proper control requires the
use of a means and method whereby the reproduction
ratio can be controlled from unity (or less than unity)
to the maximum reproduction ratio permitted.
Such control is readily feasible by controlling one or
more of the losses in or from the reactor as built. Actual
size can be changed, for example, especially when D2O
reactors are used, as the amount of D2O wetting the
uranium can readily be changed to provide a critical

duced by the control rod, these rods absorbing sufficient
neutrons to reduce the average reproduction ratio in the
reactor to unity and below. The control rod is then
made movable so that the reproduction ratio can be
made well below unity when fully inserted, thus stop
ping the reaction; unity when partially inserted; and the
maximum reproduction ratio permitted, when wholly
removed from the reactor. By varying the depth of
insertion of the control rod, any desired condition of
the reactor can be obtained from complete shutdown to
maximum rate of neutron density rise, with an inter
mediate position of the rod where the reproduction ratio
of unity is maintained. This unity position of the rod
is known as the critical position, and would always be
the same except for variations in atmospheric pressure
(when the reactor is open to the atmosphere): for the
effect of temperature (as the neutron density rise heats
the reactor), and for the effect of neutron absorbers
formed in the uranium during operation, as will later be
pointed out.
In a reactor of low power, using the rod type of con
trol, the neutron density of the reactor is monitored,
as by the ionization chambers and indicators previously
described. This monitoring can take place in a repre
sentative portion of the system such as the outer periph
ery, or even exteriorly of the outer walls. From a
knowledge of the neutron density distribution within the
reactor (see Fig. 24) the neutron density in any part of
the system is readily determined.
With the control rod fully inserted, the neutron den
sity in the reactor may be about 100 times the normal
natural neutron background of uranium, due to action
of convergent chains in the lattice. These background
neutrons provide the starting neutrons for the chains,
which change to be divergent when the rod is retracted
from the reactor to a point where the reproduction ratio
is over unity. The neutron density will then increase,
with a doubling time as determined by the effect of the
delayed neutrons on the reproduction ratio, as pointed
out in the preceding section on critical and operating
sizes.

When a desired neutron density is reached, the rod
is unity, and thereafter the attained neutron density is
maintained. To reduce the neutron density the rod is
inserted further into the reactor and the reaction decays.
As it decays to a lower density, the rod can again be
placed at the unity position to maintain the lower den
sity. Thus the rod can be varied in position to obtain
and maintain any desired neutron density with power
production in the form of heat, as determined by the

is inserted to the position where the reproduction ratio

heat dissipation capability of the reactor,
The effect of the delayed neutrons is, of course, ex

size where the reproduction ratio is unity, or a larger
operating size where the reproduction ratio is greater
than unity. Then when a desired neutron density has
been obtained, some of the D2O can be removed to
again make the reproduction ratio unity thereby main
taining the Teaction at the neutron density attained.

tremely valuable in obtaining ease and flexibility of con

trol by the control rod. Movements of the rod only
slightly outwardly from the critical position will permit
a rise in neutron density for example, where minutes,
hours, or even days can elapse for one doubling of the
density, as desired. Such close control enables the con
trol rod to be moved manually for example, although

This is called leakage factor control and is described in
conjunction with the uranium D2O reactor,
However, neutron losses due to neutron absorbers

deliberately inserted into a reactor are of outstanding

|

As pointed out in the section on critical and operating
sizes of neutronic reactors, low power reactors are gen

son the thermal neutron density near the edge of the

7 3.

the rod is preferably driven by reversible electric motors,
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for example, under manual control of the motors by an
operator watching the neutron density values.
However, with any control system there is always
the possibility of accident in moving the control rod, as,
for example, if motors driving the control rod should

respond improperly and drive the control rod completely

out of the reactor and for some reason (such as power
line failure) refuse to return the rod. To take care of

such an emergency safety devices are often provided

such as, for example, neutron absorbing safety rods, which
are normally held completely out of the reactor while the
reactor is operating, but which can be manually or auto
matically released at a predetermined neutron density to
enter the reactor rapidly, to absorb enough neutrons to
stop the reaction. Such rods are shown in Figs, 1, 25, 31,
and 38, numerals 40, 112, 241b and 370b respectively.
To prevent power supply failure from affecting opera
tion of these safety rods, they are usually arranged to
drop, or be pulled, by gravity into the reactor when re
leased at a predetermined neutron density.
The use of such safety rods again brings out the im
portance of not permitting the reproduction ratio to
greatly exceed 1.01 in an operating reactor at any time.
With reactors operating at high power such as, for ex
ample, the water cooled reactor described herein, even
a single doubling of the operating neutron density might
be disastrous, and the safety rods must be tripped to enter
into the reactor before such doubling takes place. At
r= 1.01 the neutron density will double in about 93
of a second. If the time of doubling became too short,
the safety rods could not arrive in place before the
neutron density reached undesired values. However,
with minimum doubling times of several seconds, for ex
ample, the safety rods can readily operate to prevent ab
normal neutron densities from being reached after the
rods are tripped.

It has been pointed out above that K can change
slightly because of temperature changes and because of
changes in atmospheric pressure when reactors are open
to the atmosphere. Such changes in K are usually small
and therefore change critical and operating sizes very
slightly. The resultant changes in reproduction ratio
are correspondingly small and may be compensated for by
relatively short movements of the control rod.
However, K may change for other reasons during
operation, and in high power reactors may change by such
a large amount that if not properly compensated, the re
production ratio may fall below unity during operation,
These changes in K are at least partly due to the forma
tion of reaction by-products in the reactor, either radio
active or stable. As the production of both radioactive
and stable reaction products is a function of rate of irradi.
ation of the uranium, the effect of these by-products on
neutron reproduction becomes most important in reactors
operating at high neutron densities.
Several relatively long term changes in K may be ex

15

can be summarized as follows.

The reaction is started by withdrawing the control rod.
The neutron density rises at a rate determined by the
reproduction ratio and the effect of the delayed neutrons,
until some predetermined neutron density is attained.

30

40
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is converted into 94339, the K constant may be expected
to rise. To offset this rise in K there is an accumulation
of long lived or stable fission products in the uranium
that are the ends of fission fragment decay chains.

K during operation. One of the most important of these
decay chains is believed to be the 135 fission chain

starting with
Te(short)–> I (6.6 hr.) ->Xe(9.4 hr.)
? Cc(20-30 yr.)?barium
the parenthetical times indicating half lives. The neu

tron absorption of tellurium, iodine, cesium and barium

The control rod is then placed in the unity reproduction
ratio position and the reaction is stabilized at the power
desired. During this time radioactive iodine is formed,
decaying to xenon*. As more and more iodine decays,
more and more xenon'95 is formed, this xenon 135 absorb
ing sufficient neutrons to reduce the reproduction ratio
below unity. This absorption also converts the xenon135
to xenon*** which has no excessive capture cross section.
The neutron density drops. If no compensation were
made for this drop by the rod the density might drop
until background conditions prevailed, and then the re
action might automatically start up as the xenon***
decayed. Normally the neutron density drop is compen
sated for by removal of the control or equivalent rod to
a new position where the reproduction ratio is again
above unity. A neutron density rise occurs, bringing
the density back to its former level. Again, more xenon***
is formed and the process is repeated until an equilibrium
condition is reached where the xenon135 formed is trans
muted by neutron absorption and by decay into isotopes
of lower capture cross section, as fast as it is being
formed. In the meantime, the control rod (or equivalent)
has to be withdrawn by an amount thereby removing
from the reactor neutron absorbers at least equal in effect
to the absorption caused by the xenon***.
It should also be pointed out that this xenon*** effect
will be present when shifting from a power where the
effect is stabilized, to a higher power. The shift can be
made and the reaction stabilized at the new power for a
time, because the iodine formed from the new fissions
has not had time to produce a significant amount of addi
tional xenoniš5. As the new xenon139 is formed from the
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pected. Isotope 9423° is known to produce, on the aver
age, a fraction more neutrons per fission than Uº.
Consequently, as U235 is used up by fission, and U"

In reactors operating at high neutron densities, how
ever, radioactive elements of exceedingly high capture
cross section may be formed relatively quickly in the
uranium as an intermediate element in the decay chains
of the fission fragments and this formation can change
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is relatively unimportant, but the neutron capture cross
section of radioactive xenon'95 has been measured to be
about 2,500,000×10-24 cm.”, many times larger than
that of stable gadolinium for example, the cross section
of which is about 30,000x10-24 cm.”. Upon absorption
of a neutron, xenon135 shifts to xenonist an element of
relatively small capture cross section. The change in
K corresponds in period, to the xenon*** appearance, and
decay.
The rate of production of the Te is a function of the
neutron density in which the uranium is immersed, and
therefore dependent upon the power at which reactors
of given type are operated. The radioactive xenon135
is produced with a noticeable effect on the reaction a few
hours after the reaction is started and the effect is, of
course, greater as the neutron density is increased and
maintained. The xenon 135 effect in high power reactors

decay of the newly formed iodine, the reproduction ratio
will again drop and must again be increased by withdrawal
of absorbers from the reactor.
However, the reduction in K due to the xenon'°° equi
librium amount present when the neutron density is
theoretically infinity in the reactor, is believed to be
about .03, which means that to obtain a rise in neutron
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density to any desired density up to infinity, the rod
would have to be eventually removed by an amount
corresponding to an increase in the reproduction ratio of
about .03, and somewhat less than .03 when finite densi
ties are to be obtained, in accordance with the density
desired the size of the reactor would have to be big
enough to provide the increase. For example, in a con
tinuously operated water cooled U-graphite reactor such
as herein described, the reproduction ratio decreases due
to xenon.135 at equilibrium is about .0012 at 10,000 kilo
watts; .009 at 100,000 kilowatts and would be about .013
and .020 at 200,000 kilowatts and 500,000 kilowatts re
spectively. As before stated reactors ordinarily are not
built sufficiently large in size to provide maximum repro

55
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duction ratios of over 1.01 with all rods removed. How

adequate. As the effect per inch movement of control
rod is greater for the portion of the control rod nearer
the center of the reactor than it is for the portion near
the edge (because of the larger neutron density at the
center), a unit may be chosen so that for movement of
the control rod, one of said units will always have the
same effect on the reproduction ratio of the reactor
without regard to the actual depth of said rod in the
reactor. Such a unit is based on the conventional inch,
and is sometimes called a “cinch.” Any movement of
the control rod the distance of one cinch has the same
effect on the reproduction ratio of the reactor as a move

ever, if power outputs over 100,000 kilowatts are de
sired, the reactor must have its critical and operating sizes
calculated as set forth herein using a final K constant de
creased by the xenonist factor for the power desired even
though the amount of reduction is over .01. In other
words a significant impurity will be added during opera
tion at high powers.
This may lead to the requirement for a reactor of Such
size that, if it did not acquire xenon*** during operation,
could attain a maximum reproduction ratio of over 1.01
with all rods removed, and which, before a substantial
amount of the iodine produced from fission decayed into
xenon!”, could in consequence attain a dangerous neu
tron density if all rods were removed.
Such a reactor can be adequately safeguarded by the
use of “shim” or limiting rods inserted in the reactor

ment
of the control rod one inch from the critical posi
t?OIR.

The control rod can also be calibrated in terms of a
unit known as the “inhour.” One inhour is the distance
that the control rod must be moved from the critical

preferably to depths that will not permit a reproduction or balanced position to give the reactor a period of one
ratio of about 1.01 to be attained at any time during
The period of a neutronic reactor is, by definition,
the operation of the reactor, even when the control rod : hour.
the time necessary for the neutron intensity to increase
is completely removed. Then, if a reproduction ratio by
a factor of “e” (e=2.718).
of more than unity cannot be attained by outward move
ment of the control rod alone, due to the build-up of the
xenon 135 effect, the shim rod can be withdrawn to com

pensate for the xenon” effect, but still be left in a posi
tion where the reproduction ratio cannot exceed 1.01,
when the control rod is completely removed. Such shim
rods are shown in Figs. 7, 25, 31 and 37, numerals 30,
150, 241a and 370a respectively.
It can thus be seen that compensation for the xenon*
effect is obtained, first by considering the xenon* im
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purity factor for the power desired, as a reduction in K
to determine a proper operating size, for a desired power,
and second, by initially providing in the reactors, im
purities that can be removed by amounts compensating
for the xenon13% equilibrium amount acquired at a given

power output.

Care must be taken, when shutting down a high power

reactor operating with a xenon* equilibrium, that suffi
cient neutron absorbers are inserted to prevent automatic
start-up of the reaction after the xenon” has decayed
to the point where it does not materially affect the opera
tion of the system. As a practical matter, shut down
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should include the full insertion of all control, Shim and

xenonias poisoning. Such a reactor is exemplified by the
reactor first described herein. Even in the air cooled
reactor described herein, operating at from 500 to a few
thousand kilowatts output, the xenon” effect is on the
order of the temperature and pressure effects. However,

in the D2O reactor and in the water cooled reactor de

scribed herein, the effect is more pronounced and is com
pensated for as described.
Because of the fact that the xenon” effect does not

become important for several hours, reactors having an

mittently to attain such elevated densities or even higher
densities for short periods until the xenon” effect pre
vents further operation at those densities. As the xenon*
effect enters the reaction and stops the reaction, the
density will drop. However, by waiting until the xenon*
decays to the point where the neutron reproduction ratio
can again be made greater than unity, the reactor can

again attain the desired neutron density level. , Thus

reactors with a small maximum reproduction ratio can
neutron densities far greater than could be continuously
maintained.
However, the control rod can be calibrated in several

be operated intermittently to attain for short periods,

ways for steady state conditions and the calibration is

USES OF NEUTRONIC REACTORS

In the descriptions of the various neutronic reactors
given herein, only a little has been said regarding the
uses of the reactors. As such uses are many, only a few
of the most important will be mentioned here.
All of the reactors described herein are primarily ex
tremely powerful neutron and gamma ray sources. When
used as neutron sources, materials to be made radioac
tive can be placed in or close to the periphery of the
reactors, and radioactive isotopes produced, for example,
in large quantities, as the materials are there exposed to

safety rods into the reactor.
Reactors operating at a few hundred watts, and oper
ated intermittently, as when for example, the reactors are
shut down at night, are not significantly affected by

operating size too small to provide full compensation for
the xenon effect at elevated neutron densities when con
tinuously operated, nevertheless can be operated inter

In measuring the period of the reactor, a correction
is made for any change in atmospheric pressure if the
reactor is open to the atmosphere. An increase in at
mospheric pressure will cause an increase in the weight
of air inside the reactor. Oxygen has a small danger co
efficient and, therefore, does not absorb neutrons in
great quantities, but nitrogen on the other hand, has
larger danger coefficient and so the great quantity of
nitrogen present in the reactor has a distinct effect on
the reproduction ratio r. It has been found that a change
in atmospheric pressure on the reactor first described
herein, is equal to 0.323 inhour for a change of one
millimeter of mercury from the standard atmospheric
pressure of 760 millimeters of mercury. At higher
powers, a factor corresponding to the changes in operat
ing density must be taken into account in calibration if
measurements are made after the xenon effect appears.

6%
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the entire energy spectrum of the neutrons in or escap
ing from the reactor. As the leakage from the D20
uranium reactor is even larger than the neutron leakage
from the graphite-uranium reactors, a relatively larger
neutron flux can be intercepted on the exterior of this
type of reactor.
One example of isotope production by exposure to
reactor generated neutrons, followed by transmutation,
is the manufacture of U233 from the thorium 232, for
which process thorium 233 can first be produced from
thorium 232, the extent of the reaction being depend
ent upon the product of the slow neutron density and
the time of exposure. Thorium 233 then decays to

form protoactinium 233 and thence to uranium 92*

which is valuable as a fissionable material similar in
its action to U235 and 94239. The reaction is as follows:

*This? -- n – to Thº + gamma rays
70

As a further example of transmutation, radioactive
carbon may be produced by allowing the neutrons leav
ing the reactor to react with nitrogen in compound
form. This reaction gives rise to carbon of mass 14
75 which is radioactive. and can be separated chemical
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construction is no part of the present invention. Simi
larly, materials can be tested by insertion in tube 109b
in the D2O reactor or in the coolant channels in the

other reactors.

and such a pier is known as a thermal neutron column.

It can thus be seen that the neutrons normally escap
ing from the reactors need not be lost, but can be put
to work, and the neutrons escaping from the reactors
can be utilized to produce transmutations or isotopes
from elements placed in, or surrounding all parts of the
active portion of the reactor. For example, the num
ber of neutrons radiated from the external surface of
a uranium-graphite reactor when operating at ten
thousand kilowatts power output in the form of heat,
is approximately 1.8×1018 neutrons per second.
In utilizing the output of reactors, internal shafts
such as shaft 26 and tube 109b play an important role.
They extend to the vicinity of the center of the reac

10

15

20

tors where the highest neutron densities exist, and in

tense neutron bombardment of materials inserted into

the bottom of these shafts will take place, particularly
at high reactor powers. Furthermore, the shafts act
to collimate the fast neutrons released inside of the
reactors and a high density collimated beam of neu
trons emerges through the external aperture, projected
outwardly. Such a collimated beam, having a far
greater fast neutron density than any neutron beam
heretofore produced, can be utilized outside of the pile
for nuclear research in all of its aspects. The number
of neutrons escaping from these shafts is several times
the number escaping over an area of the external sur
face of the reactors equal to the cross section of the
shafts.
In addition, extremely high energy gamma rays are
emitted during nuclear fission. These rays also escape
through the shafts to the exterior of the reactors and
can there be used for taking radiographs through large
castings, for example, with relatively short exposures,
during high power operation of the reactors. The neu
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method of determining the effect of changes in pile

ly from the nitrogenous compounds. Such radioactive
carbon is suitable for medical and physiological uses
as it may be incorporated in organic compounds and
used as tracers in living organisms. Well 21 can also
be filled with graphite blocks and the resultant pier pro
jected upwardly through the top. The top of this
graphite pier provides a strong thermal neutron source

25

35

The reactors described herein, in addition to being
high power neutron generators, are capable of pro
ducing the products of the neutronic reaction in quan
tities related to the power at which they are operated,
in that at least a portion of the uranium bodies are re
movable from the reactors after exposure to the reac
tion for varying periods of time. By proper chemical
treatment the 94239 and fission products can be recov

ered from the removed irradiated uranium bodies and
thereafter utilized as desired.

With modifications, the reactors herein described can
also be used as sources of power in useful form. The
D2O moderated reactors can be operated under pressure

at an elevated temperature, with continuous removal of
the heated D2O for flashing into D2O steam for opera
tion of low pressure turbines. Enriched uranium with
a light water moderator can be operated in the same
manner. The gas cooled reactors, when cooled with
helium under pressure, for example, can be used to pro
duce steam by passing the heated helium through heat
exchangers. Diphenyl when used as a coolant in the
liquid cooled reactor can be heated above the boiling
point of water and then used in heat exchangers to pro
duce steam. With proper design, neutronic reactors can
also be operated to produce steam directly in tubes pass
ing through the reactor, utilizing the heat of vaporization
for cooling the reactor, and the resultant steam for power.
While the theory of the nuclear chain fission mecha
nism in uranium set forth herein is based on the best
prescntly known experimental evidence, we do not wish
to be bound thereby, as additional experimental data later

discovered may modify the theory disclosed,
What is claimed is:
1. A neutronic reactor which comprises a moderator
of graphite and natural uranium rods disposed in a geo
40 metric pattern therein, the size of the rods and the volume
ratio of moderator to uranium being within the area en
by the k= 1.00 curve of Figure 3, the purity
trons coming from the reactors can be screened out of compassed
the gamma ray beam by the use of relatively thin of the graphite and the uranium and the total mass there
sheets of materials having high neutron absorption cross of being sufficient to sustain a chain reaction.
2. A neutronic reactor which comprises a moderator
sections without substantially reducing the gamma ray :
intensity. In addition, a bismuth filter has been found selected from the group consisting of heavy water and
to effectively reduce the gamma rays, without substan graphite and bodies of a thermal neutron fissionable ma
terial selected from the group consisting of natural ura
tial interference with the neutron beam. Thus shaft
26 and tube 109b can be used either to produce a high nium and natural uranium oxide disposed in a geometric
intensity collimated neutron beam, or to produce a high pattern therein, each body being surrounded by modera
tor and the moderator being in a substantially continu
ous phase, the shape of the bodies and the radius of the

energy beam of gamma rays, as desired, both for use
outside the reactors.
In addition, all of the reactors described are also ex
tremely useful in testing materials for neutron absorp.
tion and neutron production. Using one or more of
the removable stringers 36a for example, in the un
cooled graphite-uranium reactor the reactor can be bal
anced at a given neutron density with uranium bodies

of known constants in the stringer. The stringer is
then withdrawn and new uranium bodies substituted
for those withdrawn. The stringer is reinserted into
the pile, and the neutron intensity brought to the orig
inal value. The change in position of the control rod

bodies and the volume ratio of moderator to thermal

neutron fissionable material being within the area encom
passed by the k=1.00 curve of Figures 2 through 6, the

purity of the moderator and the thermal neutron fission

able material and the total mass thereof being sufficient

to sustain a chain reaction.
60

3. A neutronic reactor which comprises a moderator
of spheres disposed in a geometric pattern therein, each
body being surrounded by moderator and the moderator
being in a substantially continuous phase, the radius of

of graphite and bodies of natural uranium in the form

the bodies and the volume ratio of moderator to ura

for the balance condition, when corrected for atmos

pheric pressure and temperature, will at once tell

nium being within the area encompassed by the k=1.00
curve of Figure 2, the purity of the moderator and the
uranium and the total mass thereof being sufficient to sus

removed. From the results obtained, calculations can

tain a chain reaction.

whether or not the newly inserted bodies are better or
worse when used as elements in the system, than those

be made as to systems incorporating the new bodies.
The effect of changes in size, impurities, coatings and
temperature on the chain reaction, can similarly be
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determined. In the latter case, uranium lumps can
be heated and inserted to determine the effect of tem

perature on the reaction as measured by change in the

position of the control rod. However, the stringer

75

4. A neutronic reactor which comprises a moderator
of graphite and bodies of natural uranium oxide in the
form of spheres disposed in a geometric pattern therein,
each body being surrounded by moderator and the mod
erator being in a substantially continuous phase, the
radius of the bodies and the volume ratio of moderator
to uranium oxide being within the area encompassed by
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the k=1.00 curve of Figure 4, the purity of the modera
tor and the uranium oxide and the total mass thereof
being sufficient to sustain a chain reaction.
5. A neutronic reactor which comprises a moderator
of graphite and bodies of natural uranium oxide in the

60.
8. In a neutronic reactor having an active portion com
prising a mass of moderator selected from the group con
sisting of graphite and heavy water, having dispersed
therein a thermal neutron fissionable material contain
5

form of rods disposed in a geometric pattern therein,
each body being surrounded by moderator and the mod
erator being in a substantially continuous phase, the

free of moderator and of neutron absorbers other than

radius of the bodies and the volume ratio of moderator

said latter istope, said bodies being in the moderator,
geometrically spaced therein, and surrounded by the mod
erator, the moderator being in a substantially continu
ous phase, said bodies having all dimensions thereof at
least 0.5 centimeter, the purity of the moderator and the
thermal neutron fissionable material, the size and spac
ing of the bodies of fissionable material in the modera
tor, and the total mass of fissionable material and mod
erator being sufficient to sustain a chain reaction.

to uranium oxide being within the area encompassed by
the k=1.00 curve of Figure 5, the purity of the modera

tor and the uranium oxide and the total mass thereof

being sufficient to sustain a chain reaction.
6. A neutronic reactor which comprises a moderator
of heavy water and bodies of natural uranium in the
form of rods disposed in a geometric pattern therein,
each body being surrounded by moderator and the mod

erator being in a substantially continuous phase, the
radius of the bodies and the volume ratio of moderator
to uranium being within the area encompassed by the

k= 1.00 curve of Figure 6, the purity of the moderator
and the uranium and the total mass thereof being suffi
cient to sustain a chain reaction.
7. In a neutronic reactor having an active portion com
prising a moderator of graphite having dispersed therein
uranium containing U235 and U238, the improved con
struction wherein the uranium is aggregated in the form
of bodies substantially free of moderator and of neutron
absorbers other than U238, said bodies being in the mod
erator, geometrically spaced therein, and surrounded by
the moderator, the moderator being in a substantially
continuous phase, said bodies having all dimensions there

of at least 0.5 centimeter, the purity of the moderator and
the uranium, the size and spacing of the bodies of ura
nium in the moderator, and the total mass of uranium
and moderator being sufficient to sustain a chain reaction.

ing a thermal neutron fissionable isotope and an isotope
having a resonance absorption for neutrons, the improved
construction wherein the thermal neutron fissionable ma
terial is aggregated in the form of bodies substantially
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